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A B S T R A C T   

Single crystals of two new rubidium ferrites, RbFeSiO4 and RbFeGeO4, were grown out of a eutectic RbCl–RbF 
melt. Both compounds crystallize in the noncentrosymmetric orthorhombic space group Ima2 and exhibit a 
three-dimensional porous framework structure composed of statistically disordered (Fe/T)O4 (T = Si, Ge) 
tetrahedra that corner-share to generate large channels running down the c-axis. These channels are occupied by 
Rb ions to maintain charge balance. RbFeSiO4 can also be prepared via a solid-state reaction by mixing and 
heating stoichiometric amounts of Rb2CO3, Fe2O3 and elemental Si; however, a similar approach for preparing 
RbFeGeO4 yielded a mixture of RbFeGeO4 and RbFeGe2O6. Powder second harmonic generation (SHG) mea
surements of RbFeSiO4 determined that the material is SHG-active with an intensity of 0.5 times of α-SiO2. First 
principles calculations in the form of density-functional theory indicated that it would be possible to ion ex
change the Rb cation for other alkali metal cations. Applying a molten alkali nitrate salt-bath treatment at low 
soak temperatures of 350 ◦C–450 ◦C and short soak times of ~16 h resulted in the almost complete replacement 
of rubidium with potassium and the partial replacement of rubidium with cesium, yielding K0.92Rb0.08FeSiO4, 
K0.91Rb0.09FeGeO4, and Cs0.48Rb0.52FeGeO4. No ion-exchange was observed when RbFeSiO4 was soaked in 
molten CsNO3; however, it was possible to force the exchange by using a CsCl melt at 680 ◦C to yield 
Cs0.13Rb0.87FeSiO4.   

1. Introduction 

Complex iron oxides, known as ferrites, have been extensively 
studied for their electronic and magnetic properties, including ferro
electricity and ferromagnetism [1–6]. In addition, iron-based alumi
nosilicate-type compounds for ion-exchange applications, albeit rare, 
are also known [7–9]. Zeolitic type ferro-silicates and germanates 
contain iron in tetrahedral coordination and form complex framework 
structures due to the propensity of these elements to assemble as 
corner-sharing tetrahedra that give rise to three-dimensional porous 
frameworks capable of hosting a large variety of molecules, ions, and 
ionic salt lattices [10,11]. 

Our group has used exploratory flux crystal growth to probe and 
crystallize new compounds and structure types. Different classes of 
materials can be grown using different types of fluxes, including metal 
halides, carbonates, hydroxides, and oxides [12,13]. Alkali halide melts 

are known to be very efficient in stabilizing tetrahedral iron species, and 
readily crystallize ferro-silicates and germanates. Very few rubidium 
silicon, and no rubidium germanium, ferrites are known and they 
include a rubidium feldspar, Rb(Fe1.1Si2.9)O8 [14], and a rubidium 
leucite, RbFeSi2O6 [15]. To target the crystallization of additional 
ferro-silicate and germanate compositions, we utilized eutectic 
chloride-fluoride fluxes that can dissolve many oxide species and pro
mote low temperature crystal growth. At times, these melts can function 
as “reactive fluxes” whereby a flux component gets incorporated into the 
final crystal lattice. 

Herein, we report the flux growth synthesis of RbFeSiO4 and the first 
quaternary rubidium germanium ferrite, RbFeGeO4. We also highlight 
the solid-state synthesis for RbFeSiO4 using elemental Si, an uncon
ventional Si source in high-temperature solid-state reactions. First 
principles density-functional theory (DFT) calculations were performed 
to determine the alkali ion-exchange enthalpies for alkali metal 
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analogues of RbFeTO4. This ion-exchange can be achieved by soaking 
the parent compounds in molten nitrates at about 50 ◦C above the 
melting point of the salt. This process is not destructive and was used for 
single-crystal to single-crystal conversions of RbFeSiO4 to 
K0.92Rb0.08FeSiO4, and of RbFeGeO4 to K0.91Rb0.09FeGeO4 and 
Cs0.48Rb0.52FeGeO4. Slightly harsher ion-exchange conditions were used 
for exchanging Rb in RbFeSiO4 with Cs by soaking it in molten CsCl at 
680 ◦C which led to a 13% Rb exchange with Cs and afforded 
Cs0.13Rb0.87FeSiO4. An overall illustration of the compounds reported 
herein and their syntheses and interconversions assisted by molten ni
trate salts is provided in Scheme 1. 

2. Experimental section 

2.1. Reagents 

FeF3 (99%, Strem), Fe2O3 (99.5%, Alfa Aesar), SiO2 (99.9%, Alfa 
Aesar), GeO2 (99.999%, Alfa Aesar), Si powder (99.5%, Alfa Aesar), Ge 
powder (99.999%, Cerac), KNO3 (99.995%, Alfa Aesar), CsNO3 (99.8%, 
Alfa Aesar), RbCl (99.8%, Alfa Aesar) and RbF (99.1%, Alfa Aesar) were 
used as received for all flux growth and solid-state experiments. 

2.2. Flux crystal growth and molten nitrate salt bath-assisted ion- 
exchange 

Single crystals of RbFeTO4 were grown by charging a 7.5 cm tall by 
1.2 cm diameter silver crucible with FeF3 as the iron precursor, appro
priate TO2, and RbCl–RbF flux. The silver crucible was crimped shut and 
the charge was heated in a programmable furnace to 875 ◦C at a heating 
rate of 10 ◦C/min and held at this temperature for 12 h. Subsequently 
the reactions were slow cooled at 0.1 ◦C/min to 400 ◦C, whereupon the 
furnace was turned off. 

Ion-exchange reactions were performed using RbFeSiO4 and RbFe
GeO4 by layering 0.1 g of each sample under 1 g of the appropriate ni
trate salt in a fused-silica ampule measuring 7.5 cm in length. For ion- 
exchange involving CsCl, a silver crucible was used as the reaction 
vessel. The tube containing the charge was heated for 16 h. Post reaction 
the flux was dissolved in hot water and the crystals were thoroughly 
rinsed with acetone and examined by single crystal X-ray diffraction. 
The specific amounts of the reagents and the flux used for the synthesis 
of all title compositions, in addition to the heating and cooling cycle, are 
given in Table 1. 

2.3. Solid state synthesis 

Polycrystalline samples of RbFeSiO4 were synthesized by heating 

Rb2CO3, Fe2O3, and elemental Si powder in a stoichiometric ratio. The 
starting materials were thoroughly mixed in an agate mortar and pestle 
and then loaded into an alumina crucible that, prior to use, was thor
oughly cleaned in aqua regia and dried in a drying oven. The charge was 
heated at 600 ◦C/h to 400 ◦C, maintained at this temperature for 16 h to 
decompose the carbonate, and then ramped at 600 ◦C/h to 650 ◦C, 
maintained at this temperature for 16 h whereupon the furnace was shut 
off and allowed to cool to room temperature. Additional intermittent 
grindings and heat treatments for 16 h at 900 ◦C led to the formation of a 
product consisting entirely of the desired compound, RbFeSiO4. One key 
observation is the necessity of using elemental Si, which afforded only 
RbFeSiO4, whereas the use of SiO2 inevitably led to the formation of a 
small amount of a side product, RbFeSi2O6, in addition to RbFeSiO4. 
Similar undesired side products were observed in the case of previously 
reported CsFeGeO4 [11]. For RbFeGeO4, whether elemental Ge or GeO2 
is used as the Ge source, the formation of undesired RbFeGe2O6 could 
not be avoided. PXRD patterns are shown in Figs. S2 and S3. 

2.4. Single crystal X-ray diffraction (SCXRD) 

X-ray intensity data from suitable crystals of all reported phases were 
collected at 301(2) K using a Bruker D8 QUEST diffractometer equipped 
with a PHOTON 100 CMOS area detector and an Incoatec microfocus 
source (Mo Kα radiation, λ = 0.71073 Å) [16]. The raw area detector 
data frames were reduced and corrected for absorption effects using the 
SAINT+ and SADABS programs [16,17]. Initial structural models were 
obtained with SHELXT [18]. Subsequent difference Fourier calculations 
and full-matrix least-squares refinement against F2 were performed with 

Scheme 1. Illustration of the Synthetic Routes for All Title Compounds.  

Table 1 
Reagents and reaction conditions for all title compounds.  

Composition Reagents Flux Temperature profile 

RbFeSiO4 1 mmol 
FeF3 

1 mmol 
SiO2 

1.33 g 
RbCl 0.94 
g RbF 

Heated at 10 ◦C/min to 875 ◦C, 
held for 12 h and slow cooled 
to 400 ◦C at 0.1 ◦C/min 

RbFeGeO4 1 mmol 
FeF3 

1 mmol 
GeO2 

1.33 g 
RbCl 0.94 
g RbF 

Heated at 10 ◦C/min to 875 ◦C, 
held for 12 h and slow cooled 
to 400 ◦C at 0.1 ◦C/min 

K0.92Rb0.08FeSiO4 0.1 g of 
RbFeSiO4 

1 g KNO3 Heated at 10 ◦C/min to 350 ◦C, 
held for 16 h and shut off 

Cs0.13Rb0.87FeSiO4 0.1 g of 
RbFeSiO4 

1 g CsCl Heated at 10 ◦C/min to 675 ◦C, 
held for 16 h and shut off 

K0.91Rb0.09FeGeO4 0.1 g of 
RbFeGeO4 

1 g of 
KNO3 

Heated at 10 ◦C/min to 350 ◦C, 
held for 16 h and shut off 

Cs0.48Rb0.52FeGeO4 0.1 g of 
RbFeGeO4 

1 g of 
CsNO3 

Heated at 10 ◦C/min to 450 ◦C, 
held for 16 h and shut off  
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SHELXL-2018 using the ShelXle interface [19]. Crystallographic and 
refinement data and interatomic distances for all compounds are listed 
in Table 2. Additional crystallographic details are provided in the Sup
porting Information (SI). 

2.5. Powder X-ray diffraction (PXRD) 

Phase purity of RbFeSiO4 used for bulk property measurements was 
determined using a Bruker D2 Phaser equipped with an LYNXEYE silicon 
strip detector and Cu Kα radiation (Cu Kα radiation, λ = 1.5418 Å). The 
step-scan covered the angular range 10–70◦ in steps of 0.02◦. The 
experimental and calculated powder patterns are provided in the SI. 

2.6. Energy dispersive spectroscopy (EDS) 

Semi-quantitative elemental analyses for all title compounds were 
carried out using a TESCAN Vega-3 SBU scanning electron microscope 
(SEM) with EDS capabilities. The crystals were mounted on carbon tape 
and the analysis was carried out using a 20-kV accelerating voltage and 
an accumulation time of 20 s. EDS verified the presence of the appro
priate elements in all title compositions. Also, the absence of extraneous 
elements such as silver from the reaction vessel was confirmed within 
the detection limits of the instrument. 

2.7. Optical properties 

UV–vis diffuse reflectance spectroscopy data on powder RbFeSiO4 
were collected using a PerkinElmer Lambda 35 UV–vis scanning spec
trophotometer equipped with an integrating sphere in the range of 
300–900 nm. The reflectance data were converted to absorbance data 
using the Kubelka–Munk function [20]. 

2.8. Magnetic properties 

Magnetic properties for RbFeSiO4 were measured using a Quantum 
Design Magnetic Properties Measurement System (QD MPMS 3 SQUID 
Magnetometer). Magnetic susceptibility was measured under zero-field 
cooled (zfc) and field cooled (fc) conditions from 2 to 300 K in an applied 
field of 0.1 T. Magnetization as a function of field was measured from – 5 
to 5 T at 2 K. Data were corrected for sample shape and radial offset 
effects as described previously [21]. No differences were observed be
tween the zfc and fc data. Fig. S1 and Table S1. 

2.9. Second harmonic generation (SHG) 

Powder SHG measurements on polycrystalline RbFeSiO4 were per
formed on a modified Kurtz nonlinear-optical (NLO) system using a 

pulsed Nd:YAG laser (Quantel Ultra 50) with a wavelength of 1064 nm. 
Comparisons with known SHG materials were made using ground 
crystalline α-SiO2. A detailed description of the equipment and meth
odology has been published elsewhere [22,23]. No index-matching 
material was used in any of the experiments. 

2.10. Density-functional theory calculations 

Density-functional theory (DFT) optimizations were carried out to 
calculate K and Cs ion exchange enthalpies. Calculations were per
formed using the projector-augmented wave (PAW) method as imple
mented in the Vienna Ab-initio Package (VASP) [24–26] with the 
Perdew, Burke and Ernzerhof (PBE) exchange-correlation functional 
[27]. Each calculation used “cold” smearing [28] with a parameter of 
0.2 eV and a plane-wave cut-off of 800 eV. In order to properly localize 
Fe’s electrons, a Hubbard U correction [29] of 4.00 eV was specified. 
Convergence for energy and force were set to 1 × 10−4 eV and 1 × 10−3 

eV/Å. 
Special quasi-random structures were created to model the partial 

occupancies of the studied compounds. For the reaction compounds 
RbFeGeO4 and RbFeSiO4, four structural variations were considered 
using mixed Fe/Ge and Fe/Si sites. Each of these calculations used 6 × 5 
× 9 k-point mesh. Pure K and Cs compounds were modeled as product 
crystals in order to simplify computations of these crystals and are 
acceptable as our target is to approximate alkali ion-exchange. KFeGeO4 
was modeled with two structures of alternating Fe/Ge layers and three 
structures with semi-random Fe/Ge sites and used a 5 × 9 × 3 k-point 
mesh. Three structures converged for CsFeGeO4, which had alternating 
Fe/Ge layers along either the crystal a, b and c axis, using a 5 × 5 × 9 k- 
point structures. The large size of the KFeSiO4 cell restricted the number 
of structures to be considered, so three layered structures were consid
ered, each with alternating Fe and Si layers along the c-axis and using a 
3 × 3 × 9 k-point mesh. 

The ion exchange energy for element A was calculated using the 
equation: 

ΔHie = [ΔHf(AFeGeO4) + ΔHf(RbX) − ΔHf(RbFeGeO4) ​

− ​ ΔHf(AX)]
/

N  

where ΔHf(AFeGeO4), ΔHf(RbX), ΔHf(RbFeGeO4) and ΔHf(AX) are 
calculated formation enthalpies per N atoms in the crystal cell. DFT 
formation enthalpies were calculated as: 

ΔHf = EDFT −
∑N

i=1
μi  

where EDFT is the calculated DFT energy and μi is the atomic chemical 
potential for species i. Fitted atomic potentials from the Open Quantum 

Table 2 
Crystallographic and refinement data for all title compounds.  

Composition RbFeSiO4 RbFeGeO4 K0.92Rb0.08 FeSiO4 Cs0.13Rb0.87 FeSiO4 K0.91Rb0.09 FeGeO4 Cs0.52Rb0.48 FeGeO4 

T (K) 301 (2)  
Crystal setting Orthorhombic Orthorhombic Hexagonal Orthorhombic Orthorhombic Orthorhombic 
Space group Ima2 Ima2 P63 Ima2 Pbcm Ima2 
Formula weight 233.41 325.35 190.52 239.68 253.53 300.59 
Crystal color and habit yellow irregular yellow irregular orange rod yellow irregular orange plate brown irregular 
a (Å) 8.8276(13) 8.9102(3) 18.4330(17) 8.8461(3) 9.1488(10) 9.0979(12) 
b (Å) 9.3478(14) 9.3144(3) 18.4330(17) 9.3704(3) 5.5889(6) 9.4660(12) 
c (Å) 5.4544(10) 5.6324(2) 8.6158(12) 5.4693(2) 17.2520(18) 5.6615(7) 
V (Å3) 450.09(13) 467.45(3) 2535.2(6) 453.36(3) 882.12(16) 487.57(11) 
ρ calc (g/cm3) 3.445 3.949 2.995 3.512 3.547 4.095 
λ (Å) Mo Kα (0.71073)  
μ (mm−1) 14.246 19.767 5.500 13.780 11.790 17.727 
Crystal size (mm3) 0.13 × 0.10 × 0.08 0.08 × 0.03 × 0.02 0.08 × 0.08 × 0.06 0.08 × 0.08 × 0.05 0.14 × 0.08 × 0.06 0.12 × 0.08 × 0.04 
Goodness of fit 1.113 1.144 1.076 1.145 1.386 1.268 
R1(I > 2σ(I)) 0.0226 0.0291 0.0431 0.0286 0.0559 0.0346 
wR2 (all data) 0.0680 0.0567 0.1110 0.0687 0.1305 0.0759  
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Materials Database (OQMD) were used for calculation of formation 
enthalpies [30]. 

3. Results and discussion 

Solid-state syntheses carried out at sufficiently high temperatures are 
expected to result in thermodynamically stable products, unlike flux 
reactions that are carried out at lower temperatures and, therefore, can 
potentially yield kinetically stable (or metastable) phases, which are not 
obtainable through solid-state techniques. To achieve the crystal growth 
of complex oxides at lower temperatures, fluoride-chloride fluxes have 
been used successfully, in part, because of the ability of the fluoride ion 
to act as a mineralizer and enhance the dissolution of the reagents [12]. 
Furthermore, the flux can function as a reagent, referred to as a reactive 
flux, as demonstrated by the synthesis of RbFeSiO4 and RbFeGeO4 
grown out of a RbCl–RbF mix, the source of the Rb. 

The solid-state synthesis of RbFeSiO4 using SiO2 failed to result in a 
phase pure product as inevitably the impurity phase RbFeSi2O6 formed. 
We had similar issues attempting to synthesize CsFeGeO4 [11], where 
we reported that the use of Ge instead of GeO2 enabled us to obtain a 
phase pure product. Applying the same approach and using Si instead of 
SiO2 as the silicon reagent, we were able to obtain phase pure RbFeSiO4. 
Extending this synthetic approach to RbFeGeO4, surprisingly failed, and 
neither elemental Ge nor GeO2 enabled us to obtain phase pure 
RbFeGeO4. 

Ion-exchange experiments in molten alkali metal nitrates were car
ried out to prepare additional compositions in the Rb–Fe-T-O phase 
space. The Fe-T-O framework is stable toward nitrate melts and at the 
low operating temperatures it is possible to achieve the replacement of 
one alkali metal for another. This is a “mild” method and soaking 
RbFeSiO4, for example, in molten KNO3 at 350 ◦C results in a single- 
crystal to single-crystal ion exchange that yielded K0.91Rb0.09FeSiO4 in 
about 16 h. 

3.1. Structures 

3.1.1. RbFeSiO4 
RbFeSiO4, isostructural with three other compositions reported 

herein, RbFeGeO4, Cs0.13Rb0.87 FeSiO4, and Cs0.52Rb0.48 FeGeO4, crys
tallizes in the polar acentric orthorhombic space group Ima2 with lattice 
parameters a = 8.8276(13) Å, b = 9.3478(14) Å, and c = 5.4544(10) Å. 
The asymmetric unit consists of one Rb atom, one split (50/50) Fe/Si 
site, and three O atoms. The Fe/Si site is coordinated to four O atoms 
with bond lengths 1.715(2) Å to O(1), 1.748(5) Å to O(1), 1.714(2) Å to 
O(2), and 1.6973(7) Å to O(3), to form (Fe/Si)O4 tetrahedra that corner- 
share to form [FeSiO4]- sheets that are connected to produce voids in 
which the Rb ions are located. The Rb cations provide charge balance to 
the overall anionic framework, as depicted in Figs. 1 and 2. 

3.1.2. K0.91Rb0.09FeGeO4 
K0.91Rb0.09FeGeO4, obtained via ion exchange, crystallizes in the 

orthorhombic space group Pbcm with lattice parameters a = 9.1488(10) 
Å, b = 9.3478(14) Å, and c = 17.2520(18) Å. The asymmetric unit 
consists of two split (50/50) Fe/Ge sites, two mixed K/Rb sites, which 
are predominantly K, and five O atoms. Fe/Ge(1) is coordinated to four 
O atoms with bond lengths 1.804(5) Å to O(2), 1.803(5) Å to O(3), 1.798 
(5) Å to O(3), and 1.798(3) Å to O(5), to form Fe/Ge(1)O4 tetrahedra. 
Fe/Ge(2) is coordinated to four O atoms with bond lengths 1.792(5) Å to 
O(1), 1.818(5) Å to O(1), 1.798(5) Å to O(2), and 1.798(3) Å to O(4), to 
form Fe/Ge(2)O4 tetrahedra. These tetrahedra exclusively corner-share 
to form a sheet topology similar to the one found in RbFeSiO4, as 
illustrated in Fig. 3. The [FeGeO4]- sheets further connect through 
corner-sharing to generate a complex three-dimensional porous frame
work stabilized by disordered K and Rb ions that reside in the channels. 

K0.92Rb0.08FeSiO4 crystallizes in the polar acentric hexagonal space 
group P63 with lattice parameters a = 18.4330(17) Å and c = 8.6158 
(12) Å. The asymmetric unit consists of eight statistically disordered Fe/ 
Si sites, six mixed K/Rb sites, and sixteen oxygen atoms. All Fe/Si sites 
are coordinated to oxygen to form (Fe/Si)O4 tetrahedra that connect via 
corner-sharing to generate a porous framework that contains channels 
occupied by clusters of disordered K/Rb ions that maintain charge 

Fig. 1. (Fe/Si)O4 silicate sheet topology in RbFeSiO4 (left of the arrow); 
connection of these sheets via corner-sharing produces cavities occupied by Rb 
ions (right of the arrow). Mixed Fe/Si sites are shown in brown, Rb atoms in 
salmon, and O atoms in red. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 2. Polyhedral representation of the RbFeSiO4 crystal structure. Mixed Fe/ 
Si sites are shown in brown, Rb atoms in salmon, and O atoms in red. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 3. Sheet topology and crystal structure of K0.91Rb0.09FeGeO4, shown on 
the left and right, respectively. Mixed Fe/Ge sites are shown in brown, K/Rb 
sites in purple, and O atoms in red. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.) 
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balance. Fig. 4 shows a perspective view of the K0.92Rb0.08FeSiO4 crystal 
structure. 

3.2. DFT results 

The formation enthalpies for the calculated structures are listed in 
Table 3 and detail the lowest, highest and average formation enthalpies 
of all SQS for each structure. The difference in calculated formation 
enthalpies for all alkali is small with differences no greater than 0.04 eV/ 
atom. Based on these data one might expect, correctly, that all compo
sitions can be prepared. K and Cs crystals are shown to be more stable 
than Rb crystals for the Ge structures, while Si structures prefer Rb over 
K. 

Table 4 lists the lowest, highest and average calculated ion-exchange 
enthalpies between all SQSs. The results show that ion-exchange is 
possible for all structures and is preferred for the Ge crystals. Though the 
average ion-exchange energy for Si is positive, thermal effects are not 
included in these calculations and likely contribute to the stabilization of 
the ion-exchanged complex. Nonetheless, the fact that some SQS ion- 
exchange enthalpies are negative provides a favorable probability for 
the reaction to occur. 

Additionally, the largest SQSs ion-exchange enthalpies were calcu
lated when the initial structure contained greater alkali ordering than 
the final structure indicating that exchange favors random mixing of the 
alkali atoms. This also indicates that the average exchange enthalpy for 
RbFeSiO4 is positive likely because the representative SQSs used for our 
calculations did not adequately capture the random nature of ion- 
exchange for this system. 

Experimentally we observed that performing the ion exchange in a 
molten alkali nitrate salt-bath treatment resulted in the almost complete 
replacement of rubidium with potassium and the partial replacement of 
rubidium with cesium, yielding K0.92Rb0.08FeSiO4, K0.91Rb0.09FeGeO4, 
and Cs0.48Rb0.52FeGeO4. No ion-exchange was observed when RbFeSiO4 
was soaked in molten CsNO3; however, it was possible to force the ex
change by using a CsCl melt at 680 ◦C to yield Cs0.13Rb0.87FeSiO4. By 
comparison with CsFeGeO4, whose ion exchange behavior we reported 
previously [11], we found that CsFeGeO4 completely exchanges with 
potassium forming KFeGeO4 and almost completely with rubidium, 
forming Rb0.94Cs0.06FeGeO4; the reverse of the latter process, the ex
change of cesium for rubidium, starting with RbFeGeO4, described in 
this paper, is incomplete, resulting in Cs0.48Rb0.52FeGeO4. Similarly, the 
exchange of potassium for rubidium is less complete for RbFeGeO4, 
resulting in K0.91Rb0.09FeGeO4 rather than pure KFeGeO4 when starting 
from CsFeGeO4. Overall, however, the molten nitrate ion exchange 
approach is useful for kinetic stabilization of different phases and can 

result in a single crystal to single crystal compositional transformation. 

3.3. Optical properties 

Materials that crystallize in noncentrosymmetric space groups, with 
exception to the 432 crystal class, may exhibit SHG property [31]. Large 
dipole moments are typically associated with high SHG efficiency [32, 
33]. RbFeSiO4was found to be SHG-active with an intensity equal to 0.5 
times that of α-SiO2 (39.2 a.u. for RbFeSiO4 vs 83.6 a.u. for SiO2), hence 
confirming its acentric space group Ima2. The low SHG-efficiency could 
be attributed to a small dipole moment of the material in addition to its 
yellow-orange appearance. 

The UV–vis absorption data for RbFeSiO4 are shown in Fig. 5. The 
band gap for the compound falls in the range of 1.7–1.8 eV. (700–725 
nm), which is consistent with its yellow-orange physical appearance and 
with the band gaps of the materials that mostly absorb in the blue-indigo 
(420–490 nm or 2.53–2.95 eV) region of the visible light spectrum. 
Additionally, the optical band gap for RbFeSiO4 is also in agreement 
with that of Fe2O3 (Eg = ~2.10 eV) [34] and other complex iron-based 
oxides, all exhibiting red-orange-yellow appearance [35–37]. 

4. Conclusion 

Single crystals of two new rubidium ferrites, RbFeSiO4 and RbFe
GeO4, were grown out of a eutectic RbCl–RbF melt and they crystallize 

Fig. 4. Perspective view of K0.92Rb0.08FeSiO4 down the c-axis. Fe/Si sites are 
shown in brown, K/Rb sites in purple, and O atoms in red. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Table 3 
Calculated lowest, highest and average formation enthalpies for each complex in 
eV/atom.  

(eV/atom) Low ΔHf High ΔHf Avg ΔHf 

KFeGeO4 −1.52 −1.60 −1.56 
RbFeGeO4 −1.49 −1.58 −1.54 
CsFeGeO4 −1.52 −1.56 −1.55 
KFeSiO4 −2.01 −2.02 −2.02 
RbFeSiO4 −2.02 −2.09 −2.06  

Table 4 
Calculated ion-exchange enthalpies in eV/atom.  

(eV/atom) Low ΔHie High ΔHie Avg ΔHie 

RbFeGeO4 → KFeGeO4 0.0285 −0.1377 −0.0517 
RbFeGeO4 → CsFeGeO4 0.0334 −0.0934 −0.0365 
RbFeSiO4 → KFeSiO4 0.0281 −0.0504 0.0919  

Fig. 5. UV–vis plot for RbFeSiO4.  
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in a channel containing framework structure. The alkali metals present 
in the channels can be ion exchanged, to various degrees, in a molten 
nitrate environment to result in a crystal-to-crystal transformation. DFT 
calculations indicate the AFeSiO4 and AFeGeO4 (A = K, Rb, Cs) should 
be stable and that the ion exchange energies are quite small and feasible, 
in agreement with what was observed experimentally. UVvis spectros
copy measurements on RbFeSiO4 indicated that it is a semiconductor 
with a bandgap between 1.7 and 1.8 eV. 
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