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The recently discovered mixed-valence compound Eu9MgS2B20O41, is composed of triple-Kagomé- 

layers separated by nonmagnetic Mg2+ ions, and intervalence charge transfer has been observed in 

the mixed Eu2+ and Eu3+ ions within the Kagomé layers, exhibiting similar characteristics typical of 

a quantum spin liquid. In this study, high-pressure in situ X-ray diffraction measurements on 

Eu9MgS2B20O41 were conducted within the range of 0.1 MPa to 64.4 GPa. The results revealed that 

the stabilization of ambient-pressure phase, with no transition from mixed valence to single valence 

observed within the studied pressure range. The bulk modulus of the sample was determined to be 

167.3(28) GPa and 180.8(17) GPa, for the single crystal and powder X-ray diffraction data at room 

temperature, respectively. These magnitudes correspond to approximately 40% of the bulk modulus 

of diamond. Moreover, absorption spectroscopy measurements were carried out up to 37.9 GPa, 

revealing a ~20% reduction in the energy band gap, mainly due to the shortened Eu-O bond lengths. 

The relationship between pressure and band gap demonstrates a nearly linear trend, with a slope of 

-0.013 eV/GPa. The findings of the present study imply that the studied sample demonstrates a 

considerable robustness under extreme pressures.  
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PACS: 07.35.+k; 61.05.cp; 74.62.Bf; 52.77.Fv; 

1. Introduction 

Materials featuring Kagomé lattice are notable for their geometric frustration and 

characteristic electronic structures. Such lattice usually correlate to a variety of 

intriguing quantum states, such as unconventional superconductivity,[1–3] valence 

fluctuations[4,5] and non-Fermi-liquid state[6,7]. It is generally agreed that the material 

properties are determined by the four degrees of freedom: lattice, charge, spin, and 

orbital, and their coupling interactions. When spin is considered as a single degree of 

freedom, insulating magnetic Kagomé materials have been shown to display excited 

ground states of magnetism, including the quantum spin liquid (QSL) state, which is a 

concept within the framework of Anderson's resonating valence bond theory.[8] QSL 

represents a ground state characterized by significant quantum fluctuations at extremely 

low temperatures, a phenomenon commonly observed in related quantum spin systems. 

When the energetics of the spins are suppressed through reducing the temperature, the 

disordered spin state may either freeze into a spin glass state or an ordered state. The S 

= 1/2 Kagomé lattice Heisenberg antiferromagnet has been identified as a favorable 

candidate for exploring QSL materials, owing to the frustration of long-range magnetic 

order induced by its network of corner-sharing triangles.[9–11] However, the quest for 

QSL states has thus far proven to be a formidable challenge, with only a few limited 

systems having been identified as QSL. A notable example is Cu3(OH)6Cl2, which has 

a structure comprising Cu2+ ions (d9, S = 1/2) arranged on a Kagomé lattice.[12] When 

rare-earth ions are introduced into the triangle of the Kagomé lattice, the formed 

compounds may possess QSL since they result in the geometrical frustration of 

antiferromagnetic interactions among neighboring magnetic ions.[13–16] 

On the other hand, mounting interest is directed towards the examination of 

correlation effects and ordering states in partially filled Kagomé lattices, with the 

prospect of doping inducing unconventional superconductivity.[1,17,18] At van Hove 

filling, the Fermi surface exhibits a perfect nesting, characterized by saddle points on 

the Brillouin zone edges.[19] Varying Hubbard U and nearest-neighbor Coulomb V 

interactions yield a variety of ground states, including ferromagnetism, charge density A
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wave (CDW) orders, superconductivity, and charge bond.[18,19] High pressure is a clean 

method that can be used to tune the electronic properties without the introduction of 

impurities.[20–23] It is commonly used as a control parameter to tune the state of 

unconventional superconductivity[24,25] and CDW state [26,27]. For instance, in the V-

based Kagomé compound KV3Sb5, its superconducting transition temperature Tc, 

which is equal to 0.9 K at ambient pressure, is reported. However, applying a pressure 

of 0.4 GPa raises the transition temperature to 3.1 K, and the double superconducting 

dome is observed upon further compression.[28] In another Cr-based Kagomé material 

CsCr3Sb5, an increase in pressure leads to the disappearance of initial density-wave 

orders, and the occurrence of superconductivity at a quantum critical point at 

approximately 4 GPa.[29] 

However, mixed valence materials with Kagomé lattice and CDW feature are 

rarely reported. As was stated in the previous reports, mixed-valence compounds are 

generally sensitive to the external conditions (e.g., pressure, magnetic field, and 

temperature). These conditions ultimately result in the regulation of the valence states 

of atoms through spin fluctuations. This phenomenon can be interpreted as the quantum 

merging of two electronic setups, corresponding respectively to the different fillings of 

n and n-1 in the rare earth 4f-shell. In this scenario, an electron has the capability to 

oscillate between a confined 4f-orbital and a more delocalized 5d-6s state. Experimental 

evidence for this phenomenon has been predominantly observed in rare earth 

compounds. For instance, at pressures exceeding 2 GPa, TmTe displays a novel 

ferromagnetic phase related to its mixed valence state.[30] The valences of both Eu and 

Yb in Eu0.5Yb0.5Ga4 changes towards a 3+ state as pressure is increased.[31] In the case 

of the compound EuFe2As2, it has been demonstrated that long-range Eu magnetic order 

is exhibited, which rivals with superconductivity and the valence instability of Eu atoms 

under pressure.[32] In the recently reported mixed-valent Eu2+/Eu3+compound 

Eu4Bi6Se13, the structure consists of linear chains of Eu atoms extended along the b-

axis, the composition of trivalent Eu3+ gradually increases with increasing pressure.[33] 

However, high pressure investigations in mixed valence Eu-based system with Kagomé 

lattice are rarely reported. A
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Recently, we successfully synthesized the new compound Eu9MgS2B20O41, which 

consists of triple-Kagomé-layer slabs containing mixed-valent Eu2+ and Eu3+ ions and 

exhibits spin fluctuations at 16 K.[16] This observation motivates us to further 

investigate its structural evolution and bandgap changes under compression. Through 

high-pressure X-ray diffraction measurements, we observed that the material exhibits 

high structural stability across an extensive pressure range (0-64.4 GPa). Furthermore, 

the analysis of absorption spectroscopy data revealed a nearly linear decrease in the 

band gap energy with increasing pressure, which is mainly attributed to the shortening 

of the Eu-O bond lengths under compression. 

  

2. Experimental Section 

  

2.1. Synthesis of Eu9MgS2B20O41 single crystals 

Eu9MgS2B20O41 single crystals were synthesized through solid-state reactions at 

ambient pressure using the flux method, as previously described.[16] The starting 

materials Eu2O3 (99.9%), Mg (99.9%), B (99.9%), S (99.999%), and B2O3 (99.9%)—

were combined in a molar proportion of 9:2:4:4:18. Potassium iodide (KI) with 99% 

purity served as the fluxing agent. The mixture was finely ground using an agate mortar, 

compressed into pellets, and subsequently positioned within quartz tubes. The quartz 

tubes were depleted of air to attain a vacuum pressure of 1×10⁻⁴ torr and then securely 

sealed with a flame, ensuring a stable vacuum condition throughout the synthetic 

process. The sample was subsequently positioned inside a muffle furnace and subjected 

to a precise heating schedule. Over a period of 5 hours, the temperature was gradually 

raised from room temperature to 300 °C, kept at 300 °C for a further 5 hours, then 

increased gradually to 650 °C over 5 hours, where it was maintained for another 5 hours. 

Subsequently, the furnace was heated to 950 °C over 5 hours, where the sample was 

held for 7 days. Finally, the sample was slowly cooled to 300 °C over 5 days. To ensure 

reproducibility, the synthesis of Eu9MgS2B20O41 was repeated across five independent 

batches. Single-crystal XRD analysis confirmed identical lattice parameters (a = 

8.2717(9) Å, c = 24.917(5) Å) and mixed-valent Eu²⁺/Eu³⁺ configurations in all batches, 

with a yield consistency of ~90%. A
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2.2. High pressure single crystal X-ray measurements 

High pressure in situ single crystal X-ray diffraction (SXRD) measurements of 

Eu9MgS2B20O41 were conducted using a Bruker D8 Venture single crystal X-ray 

diffractometer with Helios AgKα radiation (λ = 0.56086 Å). A 70°-opening-angle 

symmetric diamond anvil cell (DAC) was employed to achieve high pressures reaching 

up to 37 GPa. Rhenium gaskets were precompressed to 50 μm thick, and subsequently, 

holes with a diameter of approximately 100 μm were laser drilled to function as the 

sample chambers. Silicone oil was used as the pressure-transmitting medium (PTM). 

The ruby fluorescence method was applied for pressure calibration.[34] The initial X-ray 

data were collected and processed using the APEX5 software. The single-crystal 

structure was refined using the SHELXL-97 program. The BO3 and BO4 units were 

treated as rigid entities, and their B-O bond lengths were constrained in length, 

comparable to that at ambient pressure. The lattice parameter V(P) data of 

Eu9MgS2B20O41 were subjected to least-squares fitting using the EoSFit7c software, 

which employed the third-order Birch-Murnaghan equation of state (EoS).[35] The 

following equation is used to calculate the third-order EoS: P(V) = 3B0/2[(V0/V)7/3–

(V0/V)5/3]{1+3/4(B0'–4)[(V0/V)2/3–1]}. In the equation, P indicates the pressure, V0 is the 

ambient-pressure volume, V is the high-pressure volume, B0 is the bulk modulus, and 

B0' is the derivative of the bulk modulus with respect to pressure. The variable-pressure 

crystallographic data, and selected bond lengths are listed in Tables S1 and S2, 

respectively. 

 

2.3. High pressure synchrotron powder X-ray measurements 

The high-pressure synchrotron in situ powder X-ray diffraction (PXRD) data were 

recorded at the beamline 13-BM-C of the Advanced Photon Source (APS), Argonne 

National Laboratory (ANL). For the X-ray diffraction experiments conducted at APS, 

a 20 μm diameter of monochromatic X-ray beams and a 0.4143 Å wavelength were 

employed. The CeO2 powder was employed as the calibration standard. A powder 

sample measuring 50 μm × 50 μm × 10 μm, along with a small piece of gold, was 

loaded into the DAC chamber. The pressure was determined using the equation of state 

of gold.[36] Silicone oil was used as PTM. The Dioptas program was employed to A
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integrate the diffraction images.[37] The obtained X-ray diffraction patterns were fitted 

using the Le Bail method with the aid of GSAS-EXPGUI package.[38] Furthermore, 

performing least-squares fitting on V(P) data used the 3rd-order Birch-Murnaghan 

equation of state with the assistance of EoSFit7c software.[35] The initial structure 

models for refining all powder X-ray data were derived from the single crystal 

structures. 

 

2.4. High pressure UV-vis absorption measurements 

High-pressure in situ UV-vis absorption spectroscopy experiments were carried 

out with a 2-in-1 deuterium-halogen lamp light source, with spectra recorded for 0.75 

seconds each, spanning a wavelength range from 300 nm to 900 nm. Prior to the 

absorption measurements, the spectrometer was calibrated using the absorption edge of 

a standard sapphire sample to eliminate potential errors. The potential for limitations 

resulting from scattering losses at elevated pressures is acknowledged, though its 

impact on the measurements is considered negligible. Silicone oil was used as the PTM 

and the direct band gap values were obtained by extrapolating the linear portion of the 

curve plotting (αhν)² in relation to hν. Here, α denotes the absorption coefficient, h 

represents the Planck constant, and ν stands for the photon frequency. 

3.  Results and Discussion  

3.1.  Structural stability of Eu9MgS2B20O41 at high pressure  
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Figure 1. (a) Representative XRD patterns of Eu9MgS2B20O41 powder under high pressures. Le Bail 

fits of X-ray data at (b) 1.8 and (c) 64.4 GPa. The measured scattering intensity is depicted by the 

black circles, while the red solid line denotes the fitted curve corresponding to the data. The Bragg 

reflection points of the sample are indicated at the bottom by vertical bars (black lines). 

 

In order to ascertain the structural stability of Eu9MgS2B20O41 under compression, 

synchrotron powder X-ray diffraction (PXRD) was performed up to an applied pressure 

of 64.4 GPa at room temperature. At ambient conditions, Eu9MgS2B20O41 crystallizes 

in the hexagonal P63/m symmetry (Z = 2), with lattice parameters a = b = 8.2717(9) Å, 

c = 24.917(5) Å and V = 1476.4(4) Å3. As demonstrated in Figure 1a, there is an absence 

of a structural phase transition over the pressure range of 0-64.4 GPa. Borates 

compounds containing BO3 and BO4 groups are generally more difficult to undergo 

structural phase transitions due to the strong rigidity of the BO3 and BO4 groups. For 

example, the YBO3 and GdBO3 samples did not demonstrate any phase transition 

within the 40 GPa range.[39] It is evident that all diffraction peaks shift to higher 2θ 

angle ranges (i.e., smaller d-spacing) with increasing the pressure. Concurrently, 

diffraction peaks became broader, a feature most likely attributable to the quasi-

hydrostatic environment created by silicone oil (see Figure S1). The Le Bail method A
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has been shown to effectively fit the powder diffraction patterns with the ambient 

pressure phase, yielding lattice parameter at 64.4 GPa:  

 

Figure 2. The lattice parameters (a) a, b and (b) c axis from single crystal and powder data of 

Eu9MgS2B20O41 under pressure. (c) Relative changes in principal axis length of the sample as 

changes of pressure. (d) The third-order Birch-Murnaghan equation of state fit to the unit-cell 

volume data. 

 

a = b = 7.7970(18) Å, c = 23.359 (6) Å and V = 1229.8(6) Å3. Moreover, SXRD 

measurements were carried out from ambient to 36.9 GPa to precisely determine the 

bond changes within the crystal structure under compression. The obtained lattice 

parameters are well consistent with the PXRD data (Figure 2). As shown in Figure 2a, 

the lattice parameters exhibit weak anisotropic compression. Specifically, the c-axis, 

which is perpendicular to the densely packed Kagomé layers, demonstrates the most 

compressibility (Figure 3c). PXRD analysis reveals a strain tensor, designated as K1, 

with a magnitude of 1.31(1) TPa-1 (the tensor has an orientation angle of 53.8° relative 

to the a-axis). Furthermore, the magnitude of K1 along this orientation is 1.3 times larger A
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than that observed along the c-axis (where Kc = 1.07(2) TPa-1, see Table S3). This 

magnitude of linear compressibility is smaller than typical crystalline materials (5-20 

TPa-1). For example, the calculated values of the strain tensor for cubic EuS[39] and 

orthorhombic LaPO4
[40] were determined to be 10.2(5) TPa-1 and 7.4(6) TPa-1 (c axis), 

respectively. It has been demonstrated that the presence of the BO3 and BO4 groups 

results in a substantial increase in the rigidity and incompressibility of the material 

structure. Such an unusual property allows the sample to possess potential applications 

in precise microdevices, telecommunication optical fibers in deep sea environments. As 

shown in Figure 2(d), the unit-cell volume continuously reduces and there is no volume 

collapse emerged as the pressure increases, suggesting the absence of a structural phase 

transition. The experimental V(P) data from SXRD were well fitted to a the third-order 

Birch-Murnaghan equation of state (EoS), yielding the zero-pressure bulk modulus B0 

= 167.3(28) GPa and its pressure derivative B' = 9.7(5). The magnitude is slightly 

smaller than that obtained from PXRD measurements (B0 = 180.8 (17) GPa and B' = 

7.6 (2)). The bulk modulus reveals that the material is extremely hard and is comparable 

to the reported borates containing flat BO3 or tetrahedral BO4 groups. For example, 

GdBO3 (B0 = 170(13) GPa) [42] and YBO3 (B0 = 164(8) GPa)[43]. The magnitude of the 

bulk modulus, which is equivalent to 40% that of diamond, signifying the sample’s 

considerable hardness. 

 

 

 

Figure 3. (a) Distorted Kagomé layer of the Eu3+ and Eu2+ ions viewed along the c axis at 0.1 MPa 

and 36.9 GPa. (b) Cystal structure of Eu9MgS2B20O41 at ambient pressure and 36.9 GPa. The right 

inset shows the structure of a triple-Kagomé-layer slab, which three Eu3+ ions arranged as triangles A
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at the top, three Eu2+ arranged as triangles in the middle and three Eu3+ arranged as triangles at the 

bottom. The left inset shows positioning of a Mg2+ ion between two triple-Kagomé-layer slabs. 

 

For the ambient-pressure phase, the asymmetric unit consists of two Eu, one Mg, one 

S, four B, and eight O atoms. The three-dimensional (3-D) structure of Eu9MgS2B20O41 

is composed of triple-Kagomé-layer slabs, with the presence of two types of Eu atoms 

of Eu3+ and Eu2+. The distorted Kagomé layer is formed by each Eu atom, as depicted 

in Figures 1a and 1b. Specifically, the Kagomé layers composed of Eu2+ ions are 

sandwiched between two Kagomé layers consisting of Eu3+ ions, resulting in the 

formation of a triple Kagomé-layer slab. In one unit-cell, two such slabs are presented, 

and they are separated by nonmagnetic Mg2+ ions and BO3 and BO4 groups. As shown 

in Figure 3a, the shortest Eu3+-Eu2+ interlayer distance within the triple-Kagomé-layer 

slab is approximately 3.908 Å at ambient pressure, which is smaller than the intra-layer 

Eu3+-Eu3+ distance (~4.248 Å) or Eu2+-Eu2+ (~4.031 Å) distances. However, with an 

increase in pressure to 36.9 GPa, the shortest Eu3+-Eu2+ interlayer distance decreases to 

3.759 Å, the intra-layer Eu3+-Eu3+ distance reduces to 4.038 Å, and the Eu2+-Eu2+ 

distance shortens to 3.861 Å, respectively. Table S2 illustrates the coordination 

environments of Eu3+ and Eu2+ atoms. As BO3 and BO4 are rigid units within the 

structure, the B-O lengths remain largely unchanged across the entire pressure range. 

The Eu3+-S and the Eu2+-S bonds are formed by S atoms that bridge two Kagomé layers 

(see Figure 4a). The bond lengths of Eu2+-S/Eu3+-S are 3.048/2.969 Å and decrease to 

2.900/2.870 Å at 36.9 GPa. The coordination number of Eu3+ cations is eight, with eight 

O atoms (O2, O3, O3iv, O4, O5, O6, O7 and O8, see Figure 4b). It is evident that all 

Eu3+-O bond lengths undergo slight reductions under compression. In the case of Eu2+ 

cation, the neighboring O atoms are reduced to six (O1, O1iv, two O6 atoms, two O7 

atoms), and these bonds also are shortened gradually as pressure increases.  
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Figure 4. (a) Evolution of Eu3+-S and Eu2+-S bond lengths under pressure. Changes of (b) 

Eu3+-O and (c) Eu2+-O bond lengths in response to pressure. 

 

3.2. Optical property of Eu9MgS2B20O41 under high pressure 

 

Figure 5. (a) UV-vis optical absorption spectra of Eu9MgS2B20O41 under compression. (b) Optical 

images of the sample under compression. (c) Optical bandgap of Eu9MgS2B20O41 upon increasing 

and decreasing pressure. The red line implies the results of linear fitting of high-pressure 

experimental data. The inset shows Tauc plots of the absorption spectra and the bandgaps of 

Eu9MgS2B20O41 at ambient and release to the ambient pressure. 
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High-pressure in situ UV-vis absorption measurements were carried out up to 37.9 

GPa to investigate the band gap variations under compression. At ambient conditions, 

Eu9MgS2B20O41 was identified as a wide band gap semiconductor, exhibiting a direct 

energy band gap of 2.47 eV at ambient pressure.[16] When the sample was compressed 

in the silicone oil, the initial light brown color of the sample gradually darkened and 

changed to almost opaque at a pressure of 37.9 GPa (see Figure 5). Concurrently, the 

absorption edge undergoes a gradual red-shift, and the band gap reduced to 1.96 eV at 

37.9 GPa. According to the density of states (DOS) calculations, we find that the energy 

gap is primarily attributed to the reduction in Eu–O bond lengths, whereas the Eu–S 

bond plays a minor role (see Figure S2). As the pressure increases, the Eu–O bond 

distances undergo a gradual shortening, leading to an enhancement in orbital overlap 

and, consequently, a reduction in the band gap. The energy band gap, as determined by 

the slope of the fitted line, exhibits a linear relationship with a slope of -0.013 eV/GPa, 

which is significantly smaller than the values observed in other sulfide compounds 

(Figure 5c). For instance, the rate of EuS is 0.089 eV/GPa and the rate of AgSbS3 is 

0.066 eV/GPa.[44,45] This finding indicates that the influence of pressure on alterations 

in the band gap is also very weak, suggesting the robustness of the electronic structures 

of the sample. Upon extending our linear fitting analysis, we found that the closure of 

bandgap in the sample occurs at ~190 GPa. It should be noted that this conclusion is 

reached without consideration of any potential phase transitions. During the 

decompression process, it was observed that the color changes were reversible, with the 

color returning to its initial light brown state, implying that the optical bandgap 

undergoes a reversible modification when subjected to high pressure. These findings 

are in alignment with the previously discussed XRD measurements. Additionally, high-

pressure electrical transport measurements were conducted on the powder sample; 

however, the recorded electrical resistance values consistently fell outside the 

designated range when the sample was compressed to 20.3 GPa (see Figure S3). 

 

4. Conclusion 

In summary, the crystal structures, and optical properties of Eu9MgS2B20O41 under A
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compression have been systematically explored through the utilization of in situ single-

crystal XRD, powder XRD, and UV-vis optical absorption spectroscopy. The results 

exhibit that the ambient-pressure hexagonal crystal structure of Eu9MgS2B20O41 

remains stable with pressure increases to 64.4 GPa, suggesting the intriguing hardness 

and structural stability under high pressure conditions. As the pressure increases, the 

Eu-S/Eu-O bonds shorten gradually, resulting in a gradual reduction in the optical band 

gap. The linear slope of the band gap under pressure indicates that the metallization 

may occur at ~190 GPa, without consideration of the any phase transitions. The 

structural stability and reversibility of optical bandgap changes exhibited by this 

compound at high pressures make the material an excellent candidate for a variety of 

potential applications. These include precision microdevices, deep-sea optical 

communication fibers, and sensors for high-pressure environments. The integration of 

such devices into optical communication systems has the potential to enhance the 

stability and efficiency of signal transmission. Additionally, these devices could 

facilitate the monitoring and measurement of pressure changes in extreme conditions. 
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