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ABSTRACT  

Selenospinels, CuCr2-xMxSe4 (M = Zr and Sn), were synthesized via conventional solid-state reactions. 

The crystal structure of CuCr1.5Sn0.5Se4, CuCr1.7Sn0.3Se4, CuCr1.5Zr0.5Se4, and CuCr1.8Zr0.2Se4 were 

determined using single-crystal X-ray diffraction. All the phases crystallized in a cubic spinel-type 

structure. The chemical compositions of the single-crystals were examined using energy-dispersive X-

ray analysis (EDS). Powder X-ray diffraction patterns of CuCr1.3Sn0.7Se4 and CuCr1.7Sn0.3Se4 were 

consistent with phases belonging to the       space group. An analysis of the vibrational properties on 

the single-crystals was performed using Raman scattering measurements. The magnetic properties 

showed a spin glass behavior with increasing Sn content and ferromagnetic order for CuCr1.7Sn0.3Se4.  
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1. Introduction  

Colossal magnetoresistance (CMR) is the considerable change in electrical resistance 

experienced by certain materials due to the presence of a magnetic field [1]. This physical property is 

currently of great scientific interest due to its technological applications for the development of new data 

storage devices with lower energy requirements [2,3]. Over the last two decades, perovskite manganites 

have been well studied, mainly focused on their magnetoresistance [4,5]. However, in most cases, this 

property only occurs at very high magnetic fields, which greatly restricts their use as magnetic field 

sensors [6].  

CMR effect has been observed in chromium-based chalcogenide materials with spinel structures, 

ACr2Q4 (A = transition metal, Q = S, Se) [3,7], e.g., Cu- and Cr- based systems, CuCr2S4, CuCr2Se4 and 

CuCr2Te4, which are metallic and ferromagnetic with Curie temperatures (TC) of ~380, ~420, and ~300 

K, respectively [8-10]. The magnetism in these compounds can be attributed to the double exchange 

between Cr
3+

 and Cr
4+ 

[8]. These compounds crystallize in a normal spinel structure (space group 

      , and the Cu and Cr ions occupy the tetrahedral A and octahedral B sites, respectively. In these 

compounds, the cations from the A and B sites can be substituted by other cations without changing the 

structure. However, the physical properties of the substituted compound can differ from those of the 

non-substituted compound.  

Several studies on CuCr2-xMxQ4 spinels revealed that whereas copper exists as the diamagnetic 

Cu
+
 cation the M atoms array exist in the 4+ oxidation state (M = Ti, Zr, Hf), thus changing the 

properties of the original material [11-15]. Thus, the chemical substitutions of chromium in CuCr2Se4 

end-member by M
4+ 

cations play an important role in the particular magnetic/electrical properties of 

these compounds. Sn
4+ 

and Zr
4+ 

cations, in oxidation state 4+ (diamagnetic behavior), modify overall the 

magnetic contribution of the chromium sublattice producing also an octahedral distortion.  

 



  

The present work describes the solid state synthesis of CuCr2-xZrxSe4 (x = 0.2 and 0.5) and 

CuCr2-xSnxSe4 (x = 0.3, 0.5, and 1.0) phases, their crystal structures, Raman characterization and 

magnetic properties. These materials are prospective candidates for spin-based electronic (spintronic) 

applications because the strong interaction between the electronic and spin subsystems results in drastic 

changes in the electronic transport and optical properties near the Curie temperature TC. 

2. Experimental 

2.1. Synthesis 

 CuCr2-xZrxSe4 and CuCr2-xSnxSe4 compounds were prepared by directly combining high-purity 

elemental powders (99.99 %, Aldrich) in stoichiometric amounts. All manipulations were carried out 

under argon atmosphere. The reaction mixtures were sealed in evacuated quartz ampoules and placed in 

a programmable furnace. The ampoules were then slowly heated at a rate of 1°C/min, from room 

temperature until 400°C, followed by a heating-rate of 2.5°C/min up to the maximum temperature of 

950°C for CuCr2-xZrxSe4 and 850°C for CuCr2-xSnxSe4, and held for 6 days. Finally, the ampoules were 

slowly cooled to room temperature at a rate of 1°C/min. Single crystals were obtained for 

CuCr1.5Sn0.5Se4, CuCr1.7Sn0.3Se4, CuCr1.5Zr0.5Se4, and CuCr1.8Zr0.2Se4 and polycrystalline materials for 

CuCr1.7Sn0.3Se4 and CuCr1.3Sn0.7Se4.  

2.2 Crystal structure determination 

 XRD data for CuCr1.5Sn0.5Se4, CuCr1.7Sn0.3Se4 and CuCr1.8Zr0.2Se4 were collected at room 

temperature using a Bruker Kappa CCD diffractometer with MoKα radiation,  = 0.71073 Å. Data 

collection, data reduction and cell refinement: Bruker SMART (Bruker 2000) [16]. Multi-scan 

absorption correction was performed with SADABS program [17]. XRD data for CuCr1.5Zr0.5Se4 were 

collected at room temperature using a Bruker AXS D8-Venture diffractometer with 

Cu Kα radiation, λ =1.54178 Å. Data collection, cell refinement and data reduction: APEX3 (Bruker, 



  

2016) [18]. Multi-scan Absorption correction for absorption anisotropy was performed [19]. Program 

used to refine the crystal structures: SHELXL (Sheldrick, 2015) [20] and Olex2 (Dolomanov et al., 

2009) [21]. Software used to prepare the material for publication: PLATON (Spek, 2003) [22]. The 

refined occupation factors of Cr and M were consistent with the energy-dispersive X-ray chemical EDS 

analyses. The CIF files were deposited in the FIZ Karlsruhe database (76344 Eggenstein-Leopoldshafen, 

Germany; e-mail: crysdata@fiz-karlsruhe.de; fax: (49)7247–808–666). The depository numbers are 

CSD-433161 for CuCr1.5Sn0.5Se4, CSD-433162 for CuCr1.7Sn0.3Se4, CSD-433163 for CuCr1.5Zr0.5Se4, 

and CSD-433164 for CuCr1.8Zr0.2 Se4. 

2.3 Powder X-ray diffraction 

 Powder X-ray diffraction (PXRD) patterns were collected at room temperature on a Bruker D8 

Advance diffractometer equipped with a Cu K radiation source ( = 1.5406 Å); samples were scanned 

in the range 5° < 2 < 80°.  

2.4 SEM-EDS analysis 

The chemical compositions of the samples were determined via energy-dispersive X-ray analysis 

using a Bruker Vega 3 Tescan system equipped with a Quantax 400 (EDS) microanalyzer. Samples were 

mounted on double-sided carbon tape, which was adhered to an aluminum holder.  

2.5. Raman spectroscopy 

The Raman spectra of the single crystals were recorded in the frequency range 50 -1800 cm
-1 

using a micro-Raman Renishaw system 1000 equipped with a Leica-DMLM microscope. The spectra 

data were collected at room temperature with a laser line of 633 nm and a laser power of ~1 mW. 

2.6 Magnetic measurements 



  

 Magnetic measurements were performed on pelletized powder samples using a Quantum Design 

MPMS XL5 SQUID susceptometer. The magnetic nature of the material was determined using ZFC/FC 

(zero-field-cooled/field-cooled) cycles at low fields (typically 500 Oe).  

 

3. Results and Discussion  

3.1 Crystal structure analysis 

The crystal structures of CuCr1.5Sn0.5Se4, CuCr1.7Sn0.3Se4, CuCr1.5Zr0.5Se4, and CuCr1.8Zr0.2Se4 

were resolved by single-crystal X-ray diffraction (Fig. 1). The least-squares refinement of the occupation 

factors and displacement parameters converged on a model in which the tetrahedral positions were 

occupied by Cu (8a sites) and the octahedral positions (16d sites) were occupied by M (M = Sn, Zr) and 

Cr. The Se atoms occupy the 32e (u,u,u) sites in a closely packed cubic array. The refined occupation 

factors of the octahedral sites were 16d = (2-x)Cr + xM, and these were consistent with the EDS 

chemical analysis. The M and Cr atoms were constrained to identical displacement parameters. The 

detailed crystallographic data and refinement results for the single crystals are summarized in Table 1. 

The atomic coordinates and equivalent isotropic displacement parameters are listed in Table 2.  

The lattice parameter a for all of the single crystals obeyed Vegard’s law (Fig. 2). The lattice 

parameters of CuCr2Se4 (10.337 Å), CuCrZrSe4 (10.669 Å) and CuCrSnSe4 (10.672 Å) end-members 

were also included [23-25]. As expected, the cell parameters expanded due to the substitution of Cr 

Cr
3+

/Cr
4+
 by the larger Zr

4+
 and Sn

4+
 cations. The effective octahedral ionic radii of the Cr

3+
, Cr

4+
, Zr

4+
 

and Sn
4+ 

cations published by Shannon (for a high-spin configuration) are 0.62 Å, 0.55 Å, 0.72 Å and 

0.69 Å, respectively [26]. The chemical compositions of the single crystals used in the X-ray diffraction 

experiments were examined using SEM-EDS. The backscattered image and EDS mapping analysis 



  

(chemical maps of several areas) revealed homogenous single crystals in the scanned region (Fig. 3 

shows, as an example, the case of CuCr1.8Zr0.2Se4). 

The Cu-Se distances in CuCr2-xZrxSe4 are 2.368(9) Å (x = 0.2) and 2.3839(8) Å (x = 0.5). The 

Cu-Se distances compare well with those found in cubic CuCr2-xTixSe4 (2.3701 to 2.3716 Å) [11]. In 

both CuCr1.8Zr0.2Se4 and CuCr1.5Zr0.5Se4 compounds, the bond distances of (Cr/Zr)-Se (2.538(12) to 

2.5557(5) Å, respectively) are consistent with the bond length in cubic CuCrZrSe4 (2.614 Å) [25]. For 

CuCr2-xSnxSe4 (x = 0.3 and 0.5), the Cu-Se distances are 2.3832(6) Å, 2.3947(6) Å, respectively. In this 

case, the bond distances of (Cr/Sn)-Se are 2.5458(3) Å, and 2.5671(4) Å , respectively. 

The bond angles of Se-(Cr/Zr)-Se (180.0°, 92.97° and 87.03°) in CuCr1.5Zr0.5Se4 are very similar 

to the bond angles in CuCr1.5Ti0.5Se4 (180.0°, 93.17°, and 86.83°) [11].  The crystal structure has a three-

atom centered polyhedral unit, CuSe4 (tetrahedron), (Cr/Zr)Se6 (octahedron) and SeM3Cu 

(tetrahedron). In the tetrahedron, the Se atom is coordinated by one Cu and three metal atoms, M (M = 

Cr/Zr). The bond angles of (Cr/M)-Se-Cu in the tetrahedral SeM3Cu are distorted from those in an 

ideal tetrahedron. The degree of distortion in the polyhedral can be measured using the edge length 

distortion (ELD) indices [27-29]. The SeM3Cu tetrahedron is the most distorted polyhedron ( 8 % 

distortion from an ideal tetrahedron). These values compare very well with those found for 

CuCr2-xTixSe4 [11].    

3.2 Raman scattering  

From a vibrational point of view, the irreducible representations of the optical phonon modes in 

the CuCr2Se4 spinel-type crystal structure (space group      ) can be written as  = A1g + Eg + F1g + 

3F2g + 2Au + 2Eu + 5F1u+ 2F2u [30]. The A1g, Eg, and F2g modes are Raman-active with five peaks in the 

Raman spectrum. The A1g and Eg vibrations correspond to a symmetric radial breathing and a tangential 

displacement, respectively. These vibrational modes represent the expansion or contraction of the Cu-Se 



  

bonds which are triggered by the displacement of the Se atoms in the vertices of the tetrahedron. 

Otherwise, the decomposition of the permutational representations for the 16d (Cr, M) and 32e (Se) 

positions results in  = A1g + F2g. These modes for the Se displacements have identical radial 

components relative to those of Cr and M (M = Zr, Sn).  

Fig. 4 shows the Lorentzian fits for the Raman spectra of  single crystals of CuCr2-xZrxSe4 (x = 

0.2 and 0.5) and CuCr2-xSnxSe4 (x = 0.5) between ~70 to 300 cm
-1

. The frequencies of the peaks are 

consistent with the main Raman peaks reported for single crystals of CuCr2Se4 and CdCr2Se4 (end-

member) [30,31].  

The Raman spectrum of CuCr1.8Zr0.2Se4 (Fig. 4b) has two main peaks at 136 and 215 cm
-1

 

assigned to the Eg and A1g vibration modes, which are analogous to the CuCr2Se4 peaks [30]. In addition, 

the spectrum has two peaks at 98 cm
-1

 and 163 cm
-1

 that are assigned to the F2g mode. The Raman 

spectra show the variations in the frequencies of all the vibration modes, ~10 cm
-1

, together with a 

decrease in the intensity of the F2g mode. The symmetrical stretching of the A1g mode in CuCr2Se4 

appears at 227 cm
-1

, whereas for CuCr1-xZrxSe4, the values are 215 cm
-1

 for x = 0.2 and 252 cm
-1

 for x = 

0.5. In contrast, in CuCr1-xSnxSe4, the values are 262 cm
-1

 for x = 0.5 (Fig. 4c). The displacement of the 

signals depends on the Cr chemical substitution. 

The third mode, F2g, appears at 220 cm
-1

 in CuCr2Se4. In CuCr1-xZrxSe4, the values are 202 cm
-1

 

for x = 0.2 and 232 cm
-1

 for x = 0.5, and in CuCr1-xSnxSe4, the values are 244 cm
-1

 for x = 0.5. This third 

signal, F2g, is very important because its intensity increases as a function of the quantity of the metal 

substitution. The growth in the intensity of F2g far exceeded the growth in the intensity of the A1g band, 

and this is related to the amount of Zr and Sn added to the structure and polarizability. Indeed, Fajans 

[32] indicates that an element with an incomplete external electron shells, e.g., Sn
4+

, has a higher 

polarizability than an element with a noble gas configuration, e.g., Zr
4+

, and higher than Cr
3+

; this 



  

electronic arrangement causes distortion, resulting in a higher band intensity. Moreover, the 

displacement is related to the complexity of the movement and is coupled to the bending of the Se-Cu-

Se angle, and this may be because the angle of the Cu-Se-M bond (M = Cr, Zr, and Sn) tends to swell 

(122.80°, 122.94° and 123.44°, respectively).  

 

3.3 Magnetic properties on polycrystalline materials 

Besides the single-crystal data thoroughly discussed above, some Sn-based and Zr-based samples 

were prepared as polycrystalline materials in large enough quantities to characterize their magnetic 

behavior. As mentioned in the Experimental section (§.2.1), CuCr1-xSnxSe4 compounds were prepared at 

a maximum temperature of 850 °C whereas CuCr1-xZrxSe4 samples were synthesized at 950 °C. The 

Powder X-ray diffraction (PXRD) patterns of CuCr1.7Sn0.3Se4 and CuCr1.3Sn0.7Se4 were fully indexed in 

the       space group (spinel-type structure) and compared with the simulated XRD patterns derived 

from the single-crystal XRD data (Fig S1 and Fig S2, Supporting Information). Jendrzejewska et al. 

proposed that CuCr2-xSnxSe4 phases had a tetragonal crystal structure of         space group, as 

refined by Rietveld techniques [33], whereas our experimental data on single-crystals showed that the 

CuCr1.5Sn0.5Se4 and  CuCr1.7Sn0.3Se4 phases belonged to the cubic       spinel structure-type. Trials to 

synthesize large quantities of polycrystalline Zr-based materials were, however, unsuccessful since their 

PXRD patterns and SEM-EDS analysis showed that the reaction products of nominal composition 

CuCr1-xZrxSe4 were not single phases, being composed of CuCr1-xZrxSe4, ZrSe3 and some unidentified 

impurities (Fig S3 and Fig S4, Supporting Information). For this reason, only the Sn-based samples were 

characterized by their magnetic properties, as discussed below. 

The ZFC/FC magnetization cycles for the CuCr2-xSnxSe4 (x = 0.3 and 0.7) samples, performed 

under low magnetic fields (500 Oe), are shown in Fig. 5 and Fig 6. The insets show the inverse 



  

susceptibility of the paramagnetic regime. The inverse susceptibility, 1/, was fitted with a classical 

Curie–Weiss relation,  = C/(T−), in a temperature range that varied depending on the compound. The 

magnetic parameters are listed in Table 3. An evident ferromagnetic behavior is observed at x = 0.3, 

characterized by a high transition temperature, TC = 276.5 K, and large ZFC and FC ferromagnetic 

components. For x = 0.7, an antiferromagnetic behavior is observed with a Néel temperature TN equal to 

35.2 K, but the positive value of  (+71,6 K, Table 3) indicates a dominant ferromagnetic character of 

the exchange interactions (Fig. 5). The sample with x = 0.7 presents an irreversible behavior near the 

transition temperature which suggests a spin glass state similar to the one found in CuCrSbSe4 [34] and 

CuCrxHfySe4 [15]. The appearance of a spin glass state is probably due to a super-exchange interaction. 

Indeed, in CuCr2Se4, the interactions are predominantly ferromagnetic, although both ferromagnetic 

(nearest neighbor 90° exchange) and antiferromagnetic (next-nearest neighbor) couplings exist. When 

Cr is substituted by Sn ions, the antiferromagnetic components are promoted, and the ferromagnetic 

components are partially inhibited and form ferromagnetic clusters. This may be associated with the 

increase in the length of the Cr-Se bonds that stimulates the antiferromagnetic interaction when the Sn 

ion content increases, from 2.5458  Å (x = 0.3) to 2.5671  Å (x = 0.5 ). This fact changes the orientation 

of the localized magnetic moments in the samples, and a spin-glass state appears, similar to the one 

found in CuCrSbSe4 [34] and CuCrxHfySe4 [15]. The observed effective moment for CuCr1.3Sn0.7Se4 

(eff = 4.65 B) is close to the moment expected for high-spin states: Cu
1+
Cr1.0

3+
Cr0.3

4+
Sn0.7

4+
Se4 (

theo
 

= 4.17 B). 

4. Conclusions 

 Single crystals of CuCr1.5Sn0.5Se4, CuCr1.7Sn0.3Se4, CuCr1.5Zr0.5Se4 and CuCr1.8Zr0.2Se4 were 

obtained via conventional solid-state synthesis. Their crystal structures were determined by single-

crystal X-ray diffraction and correspond to spinel-type structures. The SeM3Cu tetrahedron is the most 

distorted polyhedron ( 8 % distortion from an ideal tetrahedron). The Raman spectra indicated that the 



  

frequency variations in the CuCr2Se4 end-member can be attributed to disorder effects related to the 

chemical substitution of Cr by Zr and Sn. Magnetic measurement performed down to 2 K showed a 

ferromagnetic behavior for CuCr1.7Sn0.3Se4. At higher Sn-doping (x = 0.7) the substitution of Cr by Sn 

simultaneously weakens the ferromagnetic nearest neighbor exchange between Cr ions and promotes the 

remaining antiferromagnetic next-nearest neighbor ion interactions with appearance of a spin glass 

behavior. 
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Figure captions 

Figure 1:  Crystal structure of Selenospinels of general chemical formula CuCr2-xMxSe4. The copper 

(cyan sphere) is coordinated by selenium atoms (yellow spheres). The chromium and M metals (M = Sn, 

Zr) randomly occupy the 16d Wyckoff site (green spheres).    

 

Figure 2:  Vegard´s law from single-crystals data: (Top) CuCr1.7Sn0.3Se4 and CuCr1.5Sn0.5Se4; (Bottom) 

CuCr1.8Zr0.2Se4 and CuCr1.5Zr0.5Se4. The a lattice parameters of CuCr2Se4, CuCrZrSe4 and CuCrSnSe4 

are included. 



  

 

Figure 3: Scanning electron microscopy (SEM) micrograph: Backscattering electron image of 

CuCr1.8Zr0.2Se4 and an example of EDS mapping spectral analysis (20 kV, 6696x). 



  

 
Figure 4: Single-crystal Raman spectra of (a) CuCr1.5Zr0.5Se4, (b) CuCr1.8Zr0.2Se4, and (c) 

CuCr1.5Sn0.5Se4. 



  

 

Figure 5: ZFC/FC magnetization cycles measured at Happ = 500 Oe for a powder sample of 

CuCr1.7Sn0.3Se4. The insert shows the 1/-versus-temperature behavior fitted by a Curie-Weiss law.  



  
 

Figure 6: ZFC/FC magnetization cycles measured at Happ = 500 Oe for a powder sample of 

CuCr1.3Sn0.7Se4.The insert shows the 1/-versus-temperature behavior fitted by a Curie-Weiss law. 

 

 

Table 1: Crystallographic data and structure refinement details for CuCr2-xMxSe4. 

 

CuCr1.8Zr0.2Se4 CuCr1.5 Zr0.5Se4 CuCr1.7Sn0.3Se4 CuCr1.5 Sn0.5Se4 

Crystal data          

Crystal Size (mm) 0.280.180.16 0.160.140.11 0.250.180.15 0.210.190.12 

Crystal System, Space Group Cubic, Fd-3m 

Unit cell dimension a (Å) 10.3883(12) 10.4807(12) 10.4530(10) 10.5279(10) 

Cell volume (Å
3
) 1121.1(2) 1151.3(4) 1142.15(3) 1166.9(3) 

   

  

Data Collection 

  

  



  

 

 

 

Table 2: Anionic u parameters and equivalent isotropic displacement parameters for CuCr2-xMxSe4 (M = 

Zr, Sn)  

 

Compound Anion u parameter Ueq (Å
2
)
§ 

    

    Cu
* 

Cr/M
*
 Se

*
 

CuCr1.8Zr0.2Se4 0.25697(5) 0.0112 (6) 0.0090 (6) 0.0077 (4) 

Temperature (K) 293 (2) 

Wavelength (Å) Mo K, 0.71073 Cu Kα, 1.54178  Mo K, 0.71073 Mo K, 0.71073 

Absorption coefficient (mm
-1

) 33.367 62.240 33.517 33.273 

-range (°) 3.97 << 27.65 12.0 << 86.14 3.38 << 30.21 3.35 << 29.13 

hkl-range -13 <h< 13 -12 <h< 13 -14 <h< 14 -14 <h< 14 

 

-12 <k< 13 -13 <k< 13 -14 <k< 14 -13 <k< 14 

 

-13 <l< 13 -13 <l< 12 -14 <l< 14 -14 <l< 14 

   

  

No. of reflections 2089 3774 2600 2598 

Rint, R 0.0325,0.0105 0.0525, 0.0105 0.0507, 0.0166 0.0542,0.0180 

No. of independent reflections 85 84 106 107 

   

  

Refinement 

  

  

Refined method  Full-matrix least-squares on F
2 

No. of parameters 8 8 8 8 

Extinction coefficient 0.00029 (8) 0.000126(16) 0.00069 (7) 0.00067(5) 

R1 (I>2I), R1 (all) 0.0195, 0.0197  0.0239, 0.0264 0.0200, 0.0221  0.0174, 0.0200 

wR2 (I > 2I), wR2(all) 0.0632,0.0633 0.0587, 0.0596 0.0483, 0.0487 0.0376, 0.0382 

Goodness-of- fit  F
2
 1.233 1.200 1.197 1.116 

Δρmax, Δρmin (e Å-3)    0.726, -0.839  1.251, -1.340 0.606, -0.792 0.482, -0.551 



  

CuCr1.5 Zr0.5Se4 0.25632(4) 0.0165 (5) 0.0114 (4) 0.0110 (4) 

CuCr1.7Sn0.3Se4 0.25663(4) 0.0083 (4) 0.0055 (3) 0.0089 (3) 

CuCr1.5Sn0.5Se4 0.25632(3) 0.0111 (3) 0.0098 (2) 0.0126 (2) 

 

§
Ueq is defined as one third of the trace of the orthogonalized Uij tensor 

* Cu in A site (8a); Cr/Zr/Sn in B site (16d) and Se in Anion site (32e) 

 

 

 

 

Table 3: Magnetic parameters for seleno-spinel compounds. 

 

Compound TC
$
, TN

*
 (K) µeff (µB)  (K) 

CuCr1.7Sn0.3Se4 276.5 5.47 + 305.7 

CuCr1.3Sn0.7Se4 35.2 4.66 + 71.6 

$ : TC determined by extrapolation to the T-axis of the steepest slope of the FC magnetization  

*: TN corresponds to the temperature of the maximum of the susceptibility. 
 

 

 

 

 

 

 

 

*Research Highlights 
 

 CuCr2-xZrxSe4  and CuCr2-xSnxSe4 belong to the family of spinel-type compounds 

 Analysis of Raman spectral features of main peaks from CuCr2-xMxSe4 (M = Zr, Sn) 

 Ferromagnetic and spin-glass behavior 

 



  

 

 

 

 

 

 

 

 

 

*Graphical Abstract Legend 

 

Single-crystal of CuCr1.8Zr0.2Se4, asymmetry unit with polyhedral representation and Raman scattering 

spectra performed on single-crystal. 

 

 

 

 

 


