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a b s t r a c t   

The structures, crystal growth and preliminary NLO properties of a broad class of compounds known as the 
stuffed tridymites are investigated. The stuffed tridymites of the formula ABCO4, where A are the alkali 
metal ions and B and C are Group 13 and 14 metal ions, respectively, form an extensive series of structures, 
all of which are based on symmetry breaking of the parent tridymite (SiO2) structure. In all cases the alkali 
ion resides in channels running parallel to the c-axis formed from six-membered rings of tetrahedra of the 
metal ions. A large array of structures can be formed though combinations of ordering of the B/C sites, 
staggered and eclipsed tetrahedra, up/down orientations of the tetrahedra relative to the c-axis, and dis
tortions of the six-membered rings. These symmetry breaking steps can be mixed and matched to form 
many different structures, and nearly all are in polar acentric space groups. The primary cause of cen
trosymmetric crystal formation is disorder of the B/C sites. When the sites are well ordered most of the 
structures are acentric with polar axes. High quality single crystals of most products can be grown using a 
high pressure hydrothermal method. Preliminary NLO experiments indicate that the compounds are 
acentric, but have low NLO conversions, which is expected due to the low polarizability of the building 
blocks. The extremely high percentage of polar acentric structure types, and the ability to correlate the 
structures to systematic variations of the very large and flexible tridymite structural class, suggests that this 
can serve as a starting point for designing crystals with many other useful physical properties. 

© 2022 Elsevier B.V. All rights reserved.    

1. Introduction 

The absence of an inversion center in a crystal lattice provides an 
entry point to a wide range of interesting physical properties. One of 
the most important applications of acentric crystals is for nonlinear 
optics (NLO), but many other intriguing physical properties (e.g. 
frustrated magnetism, magnetooptics, multiferroics) all rely on some 
form acentricity in the crystal lattice. Fortunately, Neumann’s rule 
enables the relatively straightforward sorting of physical properties 
by symmetry of the crystal groups [1–3]. It is well known that al
though the majority of space groups do not contain an inversion 
center, the percentage of actual crystal structures that adopt acentric 
space groups is extremely low (~15%), making the selection of ma
terials for nonlinear optical applications very limited. Since there is 

not a reliable a priori method of predicting the adoption of acentric 
space groups, the design of acentric crystals is a unique challenge. 
Since the approach to obtaining new acentric materials is primarily 
an empirical one against unfavorable odds, we seek to look where 
the light is brightest and attempt to identify structural classes with 
relatively high tendencies to form acentric crystal types. We hope 
that this will provide valuable clues to the design of new acentric 
materials with interesting physical properties. In this regard we 
began to investigate a rich class of compounds known as stuffed 
tridymites [4–6]. 

The tridymites themselves are a class of structures within the 
quartz (SiO2) family with an extensive and complex series of inter
relationships based on the relative orientation of the silica tetra
hedra, with symmetries ranging from the highest, P63/mmc, through 
multiple lower symmetry phases leading down to monoclinic sym
metry. Such a range of structural variations is remarkable given that 
the only building blocks are corner sharing silica tetrahedra. Many of 
the structural variations can be accommodated using only subtle 
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perturbations of the rigid tetrahedra. One interesting fact is that 
nearly every lower symmetry variation of the parent hexagonal 
phase is in an acentric space group, making them attractive candi
dates for NLO and other acentric structure/property investigations. 

The structural situation rapidly becomes even more complicated 
when it is realized that the channels running parallel to the domi
nant c-axis formed by the six membered rings can be occupied by a 
range of mono- or divalent cations that are normally alkali or alka
line earth cations, which can accommodate the variable coordina
tion within the hexagonal columns. In that case the aliovalent 
substitutions within the so called stuffed tridymite series can lead to 
an enormous array of possible combinations with a general formula 
of ABCO4. For example, the use of monovalent alkalis (A) as stuffing 
ions can lead to ABSiO4 (B = Al3+, Ga3+ etc.), while the use of divalent 
alkaline earths (A’) can lead to A’B’SiO4 (B’ = Zn2+, Co2+, Ni2+ etc.). In 
addition, the silicate tetrahedra can be also replaced with other 
tetrahedra, such as in ABPO4 [7–11], ABAsO4 [12–14] or RbMnVO4  

[15]. In these various stuffed cases, all the building blocks, except for 
the stuffing ion, are tetrahedra. A critical aspect of the structural 
analysis is the ordering of the two different tetrahedral components. 
In most cases the sites order cleanly. This generally reduces the 
symmetry of the crystal, and the structural analysis can be treated as 
a coloring problem. In the relatively few cases where the sites dis
order, the symmetry of the crystal is generally higher and cen
trosymmetric, and hence of less interest. 

Even more than the pure unsubstituted tridymites (SiO2), there is 
an astonishing array of structural possibilities for the ABCO4 stuffed 
tridymite analogs, even when considering that again, all the B and C 
building blocks are tetrahedral. When the subtle variations of the 
tetrahedra couple with the coloring due to ordered B and C sites, a 
huge range of structural variations can be identified. What is parti
cularly intriguing about the system is the exceptionally high per
centage of different acentric space groups that form in this 
stoichiometric system. In fact, the overwhelmingly large number of 
structures form in noncentrosymmetric structures. This includes not 
just acentric but also polar and crystallographically chiral space 
groups [16]. This structural behavior is useful for physical properties 
beyond simple NLO behavior. It opens the door for many other im
portant applications that require acentric structures, including spiral 
magnetic structures such as multiferroics, skyrmions, spintronics, 
magnetooptics, magnetoelectrics and many other next generation 
physical properties. The very high percentage of attractive space 
groups of the ABCO4 tridymite derivatives makes this a very attrac
tive hunting ground for interesting new materials. 

In this work we investigate the chemistry, crystal growth and 
preliminary NLO properties of the stuffed tridymites where A is a 
monovalent alkali metal ion, B is a trivalent group 13 ion and C is a 
tetravalent group 14 ion. In all cases the B and C building blocks are 
tetrahedra. Using a high temperature hydrothermal synthetic pro
cedure, we generally obtain high quality single crystals suitable for 
careful single crystal structural determination with good site or
dering, and in many cases the crystals are large enough for NLO and 
other physical property measurements. There are a great many 
subtleties and ambiguities within even the "simplest” alkali alumi
nosilicates and their derivatives, so we found it necessary to start 
there to sort out some of the uncertainties in this structural class. 
Recently we reported on the deceptively complex structural chem
istry of the Na+ and K+ aluminosilicate stuffed tridymites and found 
that they also form an unexpectedly high percentage of acentric 
space groups [17]. In this paper we systematically extend these in
vestigations to the other elemental building blocks examining all the 
alkali ions and the heavier Group 13 and 14 ions. The Li+ ions gen
erally do not lead to tridymites but rather form acentric eucryptite 
derivatives (LiAlSiO4 in R3) [18] which will be the subject of a sub
sequent report. A variety of structures as well as preliminary NLO 
data are reported. We view the designed growth of acentric crystals 

as only a first step to crystals displaying more complex physical 
properties. The identification of a chemically flexible class of com
pounds provides an excellent jumping off point to establish a test 
bed to obtain access to the broader class of tridymites that form in 
acentric, polar and chiral space groups. This may begin to afford a 
(slightly) designed approach to a wider range of single crystals 
capable of acting as multifunctional, emergent materials. 

2. Experimental 

2.1. Synthesis 

Single crystals of the stuffed tridymite family having a basic 
formula of ABCO4 were synthesized via hydrothermal reaction, 
where A is the stuffing cation (K, Rb, or Cs), B is the trivalent tetra
hedral site (Al or Ga), and C is the tetravalent tetrahedral site (Si or 
Ge). KGaSiO4, RbAlSiO4, CsAlSiO4 were synthesized using stoichio
metric combinations of the basic oxides, however products con
taining germanium (KAlGeO4 and KGaGeO4, RbAlGeO4, and 
RbGaGeO4) required a 2:1 ratio with its trivalent component due to 
its high solubility under hydrothermal conditions. The synthesis of 
CsGaSiO4 also necessitated a departure from the stoichiometric ratio 
to a 2:1 Ga:Si ratio in order to avoid the formation of CsGaSi2O6. To 
aid crystallization and act as the alkali nutrient source, 10 M AOH 
was used as a mineralizer in all cases. The powder starting material 
and mineralizer solutions were placed within silver ampoules, 2.5 in. 
in length with an O.D. of 1/4 in. and welded shut at both ends. These 
ampoules were then loaded into a Tuttle cold seal autoclave, with 
the remaining volume filled with water to serve as the counter
pressure. Reactions were heated at 650 °C and 200 MPa for 7 days. 
After cooling the autoclave to room temperature, the resulting 
crystals were washed with deionized water and allowed to air dry. 
These reactions produced the desired compounds as phase pure 
products as characterized by single crystal and powder X-ray dif
fraction in all cases. 

2.2. Structure determination 

A summary of the crystallographic data for KaAlGeO4, KGaSiO4, 
and KaGaGeO4 is provided in Table 1. Table 2 contains the summary 
of the crystallographic data for RbAlSiO4, CsAlGeO4, and CsGaSiO4. 
The crystallographic data for RbAlGeO4, RbGaSiO4, RbGaGeO4, and 
CsAlSiO4 are included in the supporting information. Selected bond 

Table 1 
Crystallographic data for KAlGeO4, KGaSiO4, KGaGeO4.      

Empirical Formula KAlGeO4 KGaSiO4 KGaGeO4 

Formula weight 202.67 200.91 245.41 
Space group P63 P63 P63 

a, Å 18.424 (3) 18.1966 (6) 18.5273 (7) 
c, Å 8.626 (2) 8.5322 (3) 8.6605 (4) 
Volume, Å3 2535.8 (11) 2446.65 (12) 2574.5 (2) 
Z 24 24 24 
Density (calculated), Mg/m3 3.185 3.273 3.799 
Parameters 255 255 254 
θ range, deg 2.55 – 25.98 2.58 – 26.50 2.20 – 25.50 
Reflections    
Collected 23558 39858 116569 
Independent 3321 3385 3213 
Observed, I≥ 2σ(I) 3237 3233 3014 
R, int 0.0744 0.0392 0.0803 
Final R, obs. Data    
R1 0.0338 0.0225 0.0404 
wR2 0.0886 0.0568 0.1163 
Final R, all Data    
R1 0.0349 0.0244 0.0469 
wR2 0.0898 0.0575 0.1180 
Goodness of fit of F2 1.119 1.171 1.193 
Flack Parameter 0.084 (17) 0.053 (13) 0.17 (5) 
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lengths and angles are provided in the supplemental information. In 
this work two different single crystal diffractometers were used. The 
first of these was a Rigaku AFC8 diffractometer equipped with a 
Mercury CCD and a Mo Kα (λ = 0.71073 Å) X-ray source. Collection 
and integration were managed using the Crystal Clear software 
program. [19] The second diffractometer used was a Bruker D8 
Venture equipped with an Incoatec Mo Kα (λ = 0.71073 Å) microfocus 
source and Photon 100 CMOS detector. All data was collected at 
room temperature using phi and omega scans of 0.5° width. Data 
collection and integration were performed using Apex3. [20] The 
structures were solved by direct methods and refined by full-matrix 
least-squares on F2 using the SHELXTL software suite.21 All atoms 
were refined anisotropically. In instances where atomic scattering 
factors could not reliably be used to distinguish the trivalent or 
tetravalent ions (for example, neighboring ions such as Al3+/Si4+ or 
Ga3+/Ge4+), their identities were readily apparent based on the bond 
lengths to oxygen, and any potential order-disorder relationships 
were easily distinguished. Figures of the crystal structures were 
drawn using VESTA. [22] Data were deposited in CIF format to the 
joint CCDC/FIZ Karlsruhe deposition service, deposition numbers 
2123881–2123892. Additional tabulated data of bond lengths and 
angles, atomic coordinates, and bond valence sum calculations are 
provided in the supporting information, Tables S.1-S.41. Verification 
of the structures and phase purity was made by powder X-ray dif
fraction (PXRD) performed using a Rigaku Ultima IV diffractometer 
with CuKα radiation (λ = 1.5406 Å) at 0.02° intervals at a rate of 1°/ 
min from 5° to 65°. 

2.3. Additional characterization 

Second harmonic generation (SHG) data was obtained using a 
modified Kurtz experiment [23]. Crystals obtained in this work were 
sieved and sorted according to particle size (20, 38, 53, 75, 90, 106, 
125, 180, and 250 µm). The size-separated samples were then placed 
in in-house fashioned sample holders. Measurements were taken 
using a 200 fs pulsed laser (Mira 900, Coherent) at 864 nm, with a 
peak power of 50 kW. A long wavelength pass filter (10LWF-650-B, 
Newport) was used to prevent any residual light from the pump 
laser at 532 nm (Verdi V6) while still allowing the generated pulse to 
pass on to the sample. After passing through a focusing lens, the 
beam was reflected off the size-separated samples in the in-house 
fashioned sample holder with a depth of 0.50  ±  0.05 mm. The 

reflected light was then collected by a large lens and passed through 
a short wavelength pass filter (10LWF-650-B, Newport) with a cutoff 
of 650 nm. A spectrometer (USB4000-VIS-NIR, Ocean Optics) was 
used across a range of 350 – 1000 nm, and the SHG peak was ob
served at 432 nm. The relative peak intensity was compared to the 
known SHG crystal KDP which had been measured in the same 
manner as the title compounds. A diagram of this experimental 
setup and sample holder is detailed in our prior work with wurtzite 
related structures [24]. 

3. Results and discussion 

The large class of tridymite and stuffed tridymite structures can 
be broken down into several general categories based on types of 
degrees of freedom affecting the symmetry, namely ordering, 
channel shape, staggered or eclipsed tetrahedra, and finally, up- 
down relationships of the tetrahedra (Fig. 1). The parent archetype is 
the SiO2 phase with eclipsed six membered rings of tetrahedra in an 
alternating UDUDUD pattern of the tetrahedra. This results in the 
centrosymmetric P63/mmc space group (I). If half of the SiO4 tetra
hedra are replaced with ordered trivalent metal ions such as Al3+, 
then the symmetry is lowered to the acentric P63mc group (II). If the 
presence of the stuffing ion distorts the channels formed by the six 
membered rings to form either trigonal or kinked ring shapes, then 
the structure will adopt P31c (IIIa) or chiral P63 symmetry (IIIb). If 
the channels retain their symmetry but the tetrahedra of subsequent 
layers along the c-axis are staggered instead of eclipsed then the 
symmetry can also be P63 (IV). The final degree of freedom is the up- 
down relationship of the tetrahedra within each six membered ring. 
At the highest symmetry the tetrahedra arrange in an UDUDUD 
array and can vary from UUUDDD to UUDDUD in P63 (Va) to Pna21 

(Vb) respectively. All these degrees of freedom can be mixed and 
matched in various combinations to give a large array of structural 
possibilities as discussed herein. With the substitution of various 
sized tetrahedral structural components and alkali countercharge 
stuffing ions acting as experimental dials, the structures of the 
stuffed tridymite derivatives provide an excellent avenue for the 
exploration of the relationship of structure and SHG capabilities, 
given their tendency to form in acentric settings. 

In all the cases discussed here, the hydrothermal synthesis ap
proach is useful for both the synthesis and single crystal growth of 
the materials. The reaction temperature (650 °C), although high for 
aqueous processes, is relatively low compared to traditional solid 
state or flux growth reactions. The technique has the added ad
vantage of being able to generate high quality single crystals that are 
often site-ordered. This attribute typically enables unambiguous 
structure determination which is critical for the understanding of 
these unusually subtle materials. The relatively large single crystals 
(Fig. 2) also ensure purity when evaluating other physical 

Table 2 
Crystallographic data for RbAlSiO4, CsAlGeO4, and CsGaSiO4.      

Empirical Formula RbAlSiO4 CsAlGeO4 CsGaSiO4 

Formula weight 204.54 296.48 294.72 
Space group Pna21 Pna21 Pna21 

a, Å 8.7353 (4) 9.2846 (19) 9.2671 (19) 
b, Å 9.2156 (4) 9.4757 (19) 9.3329 (19) 
c, Å 5.3326 (2) 5.4861 (11) 5.4319 (11) 
Volume, Å3 429.28 (3) 482.66 (17) 469.80 (17) 
Z 4 4 4 
Density (calculated), Mg/m3 3.165 4.080 4.167 
Parameters 66 65 66 
θ range, deg 3.21 – 26.48 3.07 – 26.00 3.10 – 25.47 
Reflections    
Collected 12449 3933 3819 
Independent 874 898 828 
Observed, I≥ 2σ(I) 706 823 770 
R, int 0.0324 0.0807 0.0531 
Final R, obs. Data    
R1 0.0165 0.0353 0.0394 
wR2 0.0443 0.0881 0.0882 
Final R, all Data    
R1 0.0207 0.0420 0.0456 
wR2 0.0468 0.0925 0.0909 
Goodness of fit of F2 1.151 1.086 1.254 
Flack Parameter 0.254 (9) 0.11(7) 0.22 (13) 

Fig. 1. Examples of degrees of freedom allowed within the tridymite framework.  
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parameters such an NLO coefficients, and of course if they are to be 
used in NLO applications, single crystals are essential. 

3.1. The crystal structures of KAlGeO4, KGaSiO4, and KGaGeO4 

In the presence of potassium ions as mineralizer and stuffing 
ions, KAlGeO4, KGaSiO4, and KGaGeO4 were prepared as phase pure 
crystals. All three were analyzed by single-crystal diffraction and 
were shown to crystallize in the noncentrosymmetric setting of P63 

in a complex structure (Table 1). It should be noted that in our 
previous work with hydrothermal aluminosilicates, we found that 
the KAlSiO4 formed in the P31c structure type (type IIIa above). For 
KAlSiO4 grown by flux methods, it was determined that it formed in 
a P63 space group, but one which is considerably different than those 
discussed here. 

The structures of KAlGeO4, KGaSiO4, and KGaGeO4 were found to 
be isostructural with one another in the chiral P63 space group 
(Fig. 3). While the space group of these structure is P63, which is the 
same space group setting as flux-grown KAlSiO4, [25,26] the unit cell 
parameters are much larger and the structure much more complex. 
In the case of KAlSiO4 a repeat unit of 5.15 Å is seen on the a-axis,  
[25] however when germanium or gallium substitutions are made 
this distance expands to over 18 Å. Although KAlGeO4 has been 
previously reported in this setting however, to date no crystal 
structure is available for KGaSiO4 and KGaGeO4 [27,28]. This struc
ture type is also reported multiple times for other tridymite deri
vatives [27–33]. The expanded unit cell is necessitated by the 
orientations of the tetrahedra within each cell. In the parent tridy
mite structure the tetrahedra in the six membered rings parallel to 
the c-axis maintain an UDUDUD geometry. In the unit cells of 
KAlGeO4, KGaSiO4, and KGaGeO4 however, two types of six mem
bered rings are present, with UDUDUD and UUUDDD rings, ex
pressing variations of the “isomer” modification Vb in Fig. 1. There 
are two UDUDUD rings within the cell of the structure, surrounding 

the three-fold rotation axis and at each of the corners, about the 63- 
screw axis. The UUUDDDD rings form around the 21-screw axis and 
in the regions between the three-fold axis and 63-screw axis. These 
rings form layers parallel to the ab-plane and are connected to their 

Fig. 2. Hydrothermally-grown single crystals of representative stuffed tridymite materials KAlSiO4 (a), KAlGeO4 (b), KGaSiO4 (c), KGaGeO4 (d).  

Fig. 3. Crystal structure of KAlGeO4. a) Parallel to c-axis b) Parallel to ab-plane. Orange 
tetrahedra represent GeO4 groups and blue represents the AlO4 groups. Light gray 
spheres represent potassium atoms. 
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neighboring layers through the apical oxygen atoms. The repeating 
layers are staggered relative to each other, rather than the eclipsed 
orientation assumed by trigonal KAlSiO4. The connections to the 
subsequent layers formed by the UUUDDD six-membered rings form 
ten-membered rings just off the a-axis (Fig. 3b). 

These structural combinations generate a large cell to accom
modate all of the variations of the different ring conformations. For 
comparison RbMnVO4 has also been solved in a related P63 structure 
but with a ≈ 11.26 Å and the general structure is somewhat similar to 
that of the larger cells described here [15]. In the relatively smaller 
11 Å cell however, the apical oxygen at the 2b site tends to have very 
broad anisotropic displacement parameters or be split over three 
sites. By splitting off the ideal three-fold rotation axis, the T – O – T 
bond will not have to adopt a less desirable 180° angle. If the cell is 
then tripled by the expansion of the a-axis by √3 then the split 
oxygen sites can be moved away from the three-fold rotation axis 
which allows them to still be ordered within the structure (Fig. 4)  
[27,28,34]. 

Bond lengths and angles for KAlGeO4, KGaSiO4, and KGaGeO4 are 
provided in Tables S.1 – S.6. and range from 1.63 Å to 1.82 Å for the 
unique tetrahedral sites, depending on the metal ion present, and all 
are typical for these types of tetrahedra. The O – T – O angles of the 
AlO4, GaO4, SiO4, and GeO4 tetrahedra show only minor deviations 
from the ideal angles of 109.5°, regardless of the overall geometry in 
the unit cell. Each structure has six unique potassium sites, with 
three at general positions resulting in irregular polyhedra, and three 
at special positions coordinated to three sets of symmetry related 
oxygen atoms, forming a tri-capped octahedron. 

3.2. The crystal structures of RbAlSiO4, CsAlGeO4, and CsGaSiO4 

The structure of RbAlSiO4 is one of some ambiguity which was 
initially investigated by Klaska and Jarchow in 1975 [35], and was 
reinvestigated more recently, confirming the original structure in the 
acentric Pna21 space group [36]. If the substitution of aluminum or 
silicon by larger tetrahedral ions is accompanied by the substitution 
of cesium in place of rubidium, as in CsAlGeO4 and CsGaSiO4, the 
polar acentric Pna21 space group is also maintained. This structure 
breaks the symmetry of ideal tridymite in three of the four possible 
degrees of freedom (Fig. 5). The first is by the ordering of the tet
rahedral 3+/4+ sites (Fig. 1. II). The second is by the bending of the 
hexagonal rings into ditrigonal rings as is seen in many stuffed tri
dymite variants (Fig. 1. IIIa). Finally, and most drastically, the or
ientation of the tetrahedra that compose the rings has been altered 

to accommodate the larger stuffing cation size of rubidium (Fig. 1. 
Vb). In the parent tridymite structure, the tetrahedra that compose 
the hexagonal rings are arranged in the standard fashion of 
UDUDUD. The ditrigonal rings within the framework of RbAlSiO4, 
CsAlGeO4, and CsGaSiO4 however, are oriented in an UUUDDD 
manner with respect to the bc-plane. While the standard arrange
ment of the tetrahedra in tridymite creates additional six membered 
rings along the a and b axis, the UUUDDD ordering creates eight- 
membered rings parallel to the ab plane (Fig. 5b). With neighboring 
tetrahedra of like orientation connected to their mirror equivalents 
through the apical oxygen site, four membered rings are formed. 
These four membered rings can also be seen in Fig. 5b to make up 
the sides of the eight-membered rings. 

Fig. 4. Cell expansion required to move apical oxygen off rotational axis, as observed in KAlGeO4, KGaSiO4, and KGaGeO4 (right) versus an alternative arrangement of KAlGeO4 

adopting the RbMnVO4 structure type (left). 

Fig. 5. Crystal structures of RbAlSiO4. a) Parallel to c-axis. b) Parallel to ab-plane. 
Yellow tetrahedra represent SiO4 groups and blue represents the AlO4 groups. Dark 
gray spheres represent rubidium atoms. 
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The previous published structures of RbAlSiO4 both contained 
twinning by reticular merohedry with the reflection twin planes 
(110) and (310) which accounted for the earlier difficulty in ob
taining an unambiguous structural solution [35,36]. In our crystals 
however, the PLATON software package was used to search for twins, 
but none were found, either for RbAlSiO4 or the isostructural 
CsAlGeO4, and CsGaSiO4 [37]. While the Flack parameter of RbAlSiO4 

is somewhat high (0.3), the crystals clearly demonstrated second 
harmonic generation (see below), confirming the noncentrosym
metric structure. 

The bonding environments for RbAlSiO4, CsAlGeO4, and CsGaSiO4 

are provided in Tables S.7 – S.9. The tetrahedral sites in each struc
ture are well ordered, with the expected M3+-O and M4+-O bond 
distances. In RbAlSiO4 the average rubidium to oxygen distance is 
3.29 Å within the channels formed down the a- and c-axes, while in 
CsAlGeO4 and CsGaSiO4 the average cesium to oxygen distance is 
3.40 Å for both structures, enabling the relatively large monovalent 
ions to fit in the channels without inducing further distortion. 

While the stuffed tridymite system may be attractive for sys
tematically varying the structure/NLO property relationship of re
lated materials, it unfortunately does not always yield acentric 
materials. This is particularly true as the metal ions get larger. While 
RbAlSiO4 forms in the non-centrosymmetric setting of Pna21, in
creasing the size of the tetrahedral units by substitution of germa
nium and gallium into the silicon and aluminum sites respectively 
(RbAlGeO4 and RbGaSiO4) causes the structure to distort to maintain 
the environment about the rubidium cations. This modification is 
facilitated by one of the structural degrees of freedom present in this 
structural family, the staggering of the tetrahedra along the principal 
axis (Fig. 6). In RbAlGeO4, RbGaSiO4, and RbGaGeO4 this staggered 
conformation features pairs of eclipsed tetrahedra that stagger along 
the a-axis. This leads to the centrosymmetric setting of P21/c, by the 
introduction of inversion centers between these pairs. This setting is 
also observed in the structure of LiNH4SO4 [38]. 

The nominally “simplest” stuffed tridymite NaAlSiO4 formula has 
a long and convoluted structural history which is highly sensitive to 
the growth method (if manmade) or mineral origin, and most of 
those are also acentric [17]. In our hands however, Na+ is the only ion 
that shows a reduced tendency to adopt acentric structures among 

the tridymites, in part because of the tendency for the B/C ions to 
disorder. For example, hydrothermally grown NaAlSiO4 forms in the 
centrosymmetric P21/n lattice only because the Al3+ and Si4+ ions 
fully disorder. If the two ions ordered, the structure would have an 
acentric P21 lattice. It is important to note that the addition of even a 
small amount of K+ ion to the Na+ tridymite formula leads to a whole 
new range of structures, most of which are again acentric [17]. This 
further begs the question of whether other combinations of mixed 
stuffing ions will lead to new acentric tridymite derivatives. Crys
tallographic data for the centrosymmetric compounds is reported in 
the Supplemental Information, Table S.10. 

3.3. Optical properties 

The structural degrees of freedom inherent to the stuffed tridy
mite family when combined with their tendency to adopt acentric 
settings allows for study in the relationship of structure to SHG 
ability (Table 3). We were aware going into this study that it was 
unlikely that we would observe large NLO coefficients because of the 
low polarizability of the anionic groups. Our goal instead was to 
assess the overall NLO behavior and to probe the structural possi
bilities within this structurally complex class of compounds. The 
acentric crystals of this study were analyzed using a modified Kurtz 
experiment and compared with the known SHG material KH2PO4 

(KDP) at particle sizes up to 250 µm. The centrosymmetric crystals 
detailed earlier were also analyzed to ensure that the symmetry of 
the systems was not over-assumed. From this study phase matching 
ability and SHG ability relative to KDP were able to be ascertained. In 
addition to the previously discussed structures, hydrothermally- 
synthesized KAlSiO4 was also analyzed [17]. The hydrothermally- 
synthesized sodium tridymite analogues NaAlSiO4 [17], NaAlGeO4  

[28], and NaGaSiO4 are all centrosymmetric in the setting of P21/n 
and showed no NLO conversion as would be expected. 

The resultant graph of the modified Kurtz experiment of a typical 
example of hydrothermally synthesized KAlSiO4 is presented in  
Fig. 7a. This plot is characteristic of a phase matching material. By 
comparing the SHG ability of a standard having the same particle 
size with a relative efficiency comparison may be made. Using this 
method KAlSiO4 can be shown to have an efficiency of converting 

Fig. 6. Structure of RbAlGeO4, (P21/c). a) Parallel to the c-axis b) Parallel to the ab-plane. Orange tetrahedra represent GeO4 groups, blue represents the AlO4 groups. Dark gray 
spheres represent rubidium and green spheres represent inversion centers. 

Table 3 
SHG and structural modifications in stuffed tridymites of the present study.      

Formula Space Group Structural deviations from parent stuffed Tridymite SHG relative to KDP  

KAlSiO4
16 P31c Ordered Tetrahedra (II), Ditrigonal rings (IIIa) 22% 

KAlGeO4 P63 Ordered Tetrahedra (II), Ditrigonal rings (IIIa), Staggered (IV), Both UDUDUD (Va) and UUUDDD (Vb) 4% 
KGaSiO4 P63 Ordered Tetrahedra (II), Ditrigonal rings (IIIa), Staggered (IV), Both UDUDUD (Va) and UUUDDD (Vb) 5% 
KGaGeO4 P63 Ordered Tetrahedra (II), Ditrigonal rings (IIIa), Staggered (IV), Both UDUDUD (Va) and UUUDDD (Vb) 4% 
RbAlSiO4 Pna21 Ordered Tetrahedra (II), Ditrigonal rings (IIIa), UUUDDD (Vb) 38% 
CsAlGeO4 Pna21 Ordered Tetrahedra (II), Ditrigonal rings (IIIa), UUUDDD (Vb) 21% 
CsGaSiO4 Pna21 Ordered Tetrahedra (II), Ditrigonal rings (IIIa), UUUDDD (Vb) 25% 
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864–432 nm at 22% relative the power of the common NLO material 
KDP (Fig. 7c). This experiment was then conducted on the other 
potassium species: KAlGeO4, KGaSiO4, and KGaGeO4. These materials 
were found to produce a relatively low degree of NLO conversion. As 
these three crystals are isostructural it is no surprise that they be
have similarly in terms of NLO capabilities. While the structures of 
KAlGeO4, KGaSiO4, and KGaGeO4 were discussed earlier, an ex
amination of KAlSiO4 is useful to explore the relationship of struc
ture to SHG. If we look at these structural differences in terms of the 
degrees of freedom as illustrated in Fig. 1 there are two notable 
differences. In looking down the c-axis of both structures (Fig. 8a, b) 
it is immediately apparent that KAlSiO4 features an eclipsed tetra
hedral arrangement while KAlGeO4, KGaSiO4, and KGaGeO4 are 

staggered. The second degree of freedom in which these structures 
differ is the conformational difference of UDUDUD in KAlSiO4 and 
the more complicated structures of KAlGeO4, KGaSiO4, and KGaGeO4 

which contain rings of UDUDUD and UUUDDD. In viewing these 
structures down the a-axis (perpendicular to the layers of hexagonal 
rings) (Fig. 9a, b) a tilting of the tetrahedra can be seen in KAlGeO4, 
KGaSiO4, and KGaGeO4. We postulate that this structural complexity 
is responsible for the relatively low NLO efficiency because the an
ionic groups responsible for the NLO conversion do not overlap each 
other as well as in the simpler structure. In this case the anionic 
alignment cannot reinforce the NLO conversion process. 

The third isostructural group to be investigated by this study was 
that of RbAlSiO4, CsAlGeO4, and CsGaSiO4. Once more using the 

Fig. 7. Powder SHG measurements of KAlSiO4 (a) and RbAlSiO4 (b).  

Fig. 8. Comparative views of the crystal structures of a) KAlSiO4; b) KAlGeO4; and c) RbAlSiO4 down the c-axis. Yellow tetrahedra represent SiO4 groups, GeO4 are represented by 
orange tetrahedra, and blue represents the AlO4 groups. Light gray spheres represent potassium atoms and dark gray spheres represent rubidium atoms. 

Fig. 9. Comparative views of the crystal structures of a) KAlSiO4; b) KAlGeO4; and c) RbAlSiO4 parallel to the ab-plane. Yellow tetrahedra represent SiO4 groups, GeO4 are 
represented by orange tetrahedra, and blue represents the AlO4 groups. Light gray spheres represent potassium atoms and dark gray spheres represent rubidium atoms. 
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Kurtz experiment, RbAlSiO4 was found to be phase matching as can 
be seen in Fig. 7b. In this case RbAlSiO4 was found to have a power 
relative to 38% of KDP at doubling from 864 nm to 432 nm (Fig. 7c). 
Comparisons of CsAlGeO4, and CsGaSiO4 with KDP were also made 
with relative efficiencies of 21% and 25% respectively. When looking 
at differences between the structures of KAlSiO4 (Fig. 8a) and 
RbAlSiO4 (Fig. 8c) in terms of separation via the aforementioned 
degrees of freedom there is only one notable distinction, which is in 
the form of the conformational isomers UDUDUD in KAlSiO4 and 
UUUDDD in RbAlSiO4. While this discrepancy also was observed 
with KAlGeO4 this comparison is more direct due to the relative 
simplicity of the RbAlSiO4 structure. It is this simplicity that may be 
the source of the slightly larger SHG conversion, even though 
RbAlSiO4 is in a lower symmetry, Pna21 versus P31c. It must be borne 
in mind however, that this NLO data are all based on initial results 
using a powdered material (< 250 µm). In order to establish a better 
comparison of these materials, large single crystals would need to be 
grown to access their SHG coefficient more accurately. These initial 
relative efficiencies are within the same order of magnitude and may 
indicate only a small relationship between structural arrangement 
and SHG ability with similar structural units. 

4. Summary and conclusions 

This paper reports a systematic investigation of a class of stuffed 
tridymites ABCO4 where A is a range of alkali ions and B and C are 
group 13 and 14 elements respectively. The structures are based on 
the parent tridymite, whose idealized structure forms in the high 
symmetry P63/mmc space group. It consists of eclipsed tetrahedra 
forming columns of six membered rings. These columns are parallel 
to the c-axis and are where the “stuffing” ions are located. There are 
many variations of the structure, most of which can be explained by 
symmetry lowering of the parent compound by ordering of the B and 
C ions, staggering the tetrahedra, varying the shape of the six 
membered rings, and/or varying the relative orientation of the tet
rahedral building blocks relative to the ab-plane. All these symmetry 
breaking steps can be mixed and matched to form a large array of 
structure types. The stuffed tridymites are particularly attractive for 
NLO applications because these structural variations lead to an in
ordinately high number of acentric space groups, making it a pro
mising class for systematic structure property relationships. 

In most cases the products can be synthesized using a high 
temperature (650°C) hydrothermal method, and form as high- 
quality single crystals in good yields. The materials are usually well 
ordered on the B and C sites and often form in polar acentric space 
groups. This is typical of the large class of tridymite derivatives, and 
it opens the door for not only new classes of NLO compounds, but 
many of these compounds can also act jumping off points for new 
ferroelectrics, multiferroics, spintronics and many other nonclassical 
materials. This makes the systematic investigation of the structural 
relationships worthwhile and important. Despite the limited palate 
of building blocks in tridymites (exclusively tetrahedra), there is an 
enormous range of structural possibilities within the stuffed tridy
mite class. 

Apropos to this work, the actual structures we obtain are often 
acentric. This seems to be particularly true for crystals containing 
the smaller lighter elements. As the metal ions get larger there ap
pears to be a somewhat increased tendency to form either cen
trosymmetric structures or B/C disordered structures which 
decreases the tendency to form acentric lattices. With this in mind 
we decided to examine the structural possibilities systematically 
across the range of possible elements in ABCO4. We found that most 
of the structures are acentric and most can be explained using the 
symmetry breaking guidelines described herein. 

Across the matrix of ABCO4 elemental possibilities, the range 
structures adopted is very large. All the structures can be derived 

from the parent P63/mmc structure type. The alkali ions become 
located in the six-membered channels down the c axis, while half of 
the silicon atoms C assume the trivalent atomic identity B. If the B 
and C sites order then there are a range of ring distortions, stacking 
patterns and up/down relationships that can add to the structural 
possibilities, and nearly all of those are acentric. These symmetry 
breaking operations can be mixed and matched to account for most 
of the tridymite derivatives we observe. We surveyed most of the 
elemental combinations of the alkali ions with Group 13 and 14 ions, 
but we have not yet examined many mixed alkali ion materials. 
Given the success of our earlier work on Na+/K+ mixed species, this 
work is certainly warranted. It appears that one of the most im
portant factors in these compounds is the ordering of the B and C 
sites. If they disorder then most of the symmetry breaking processes 
are nullified and centrosymmetric space groups are observed. Using 
the hydrothermal approach, we can grow relatively large, high 
quality single crystals in most cases, allowing for subsequent de
velopment of any promising materials. 

We used the Kurtz method to obtain preliminary NLO efficiencies 
of the acentric tridymites. In all cases the NLO conversions are re
latively small. This is not unexpected this since the anionic building 
blocks responsible for the conversions are not very polarizable. They 
do confirm that the acentric space groups are correctly assigned and 
provide some rough guidelines for subsequent NLO crystal design. In 
addition to NLO conversion there is a large array of other interesting 
and important materials including multiferroics, frustrated magnets, 
skyrmions and many others that depend in some way on acentric 
and polar structure types. As such a deeper systematic under
standing of the structural factors of acentric materials will continue 
to be important. 
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