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Abstract 

 

The series of Cr-chalcogenide spinels ACr2X4 (A = Zn, Cd, Hg; X = S, Se) exhibits a rich 

phase diagram upon compression, as revealed by our recent investigations. There exist, however, 

some open questions regarding the role of cations in the observed structural transitions. In order 

to address these queries, we have performed X-ray diffraction and Raman spectroscopic studies 

on the ZnCr2S4 spinel up to 42 GPa, chosen mainly due to the similarity of the Zn2+ and Cr3+ 

cationic radii. Two reversible structural transitions were identified at 22 and 33 GPa, into  a 

I41/amd and an orthorhombic phase, respectively. Close comparison with the behavior of 

relevant Cr-spinels revealed that the structural transitions are mainly governed by the 

competition of the magnetic exchange interactions present in these systems, and not by steric 

effects. In addition, careful inspection of the starting Fd3�m phase revealed a previously 

unnoticed isostructural transition. The latter is intimately related to changes in the electronic 

properties of these systems, as evidenced by our Raman studies. Our results provide insights for 

tuning the physical and chemical properties of these materials, even under moderate 

compression, as well as promoting the understanding of similar pressure-induced effects in 

relevant systems. 
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1. Introduction 

The spinel phase (SG Fd3�m, Z = 8, Figure 1) with a general chemical formula of AB2X4 is a 

versatile host for a variety of transition metal ions1–3. The structure comprises of “isolated” 

tetrahedrally coordinated A cations and octahedrally coordinated B cations. Among the plethora 

of spinels, the Cr-bearing compounds with nonmagnetic A cations (A = Zn, Cd, Hg) constitute a 

prototype system for studying magnetic exchange interactions in solids4–6. Significant spin-

phonon coupling is active in these systems near the magnetic ordering temperatures7–11, with 

coupled magneto-structural transitions taking place upon entering the antiferromagnetic (AFM) 

states for most of these compounds5,11–14. Addition to this complexity, several members of this 

series were reported to exhibit multiferroicity, i.e. manifestation of simultaneous magnetic and 

ferroelectric ordering15–19 with intimate structural involvement11,20,21. Given this close 

interrelation between structural, magnetic, and vibrational properties, therefore, variation of the 

lattice by external pressure provides an appealing method for tuning the physical properties of 

these systems.  

Indeed, several Cr-bearing spinels undergo structural, electronic, and magnetic22–25 transitions 

upon sufficient compression. Our recent efforts on the high-pressure behavior on the Cr-based 

chalcogenide spinels have attempted to elucidate the connection between structural systematics 

and electro-magnetic ordering in these systems. In particular, our combined experimental and 

theoretical high-pressure investigations on the CdCr2S4
26, CdCr2Se4

27, HgCr2S4
28, and 

HgCr2Se4
29

 compounds unraveled a similar structural trend under pressure, with successive 

transitions toward tetragonal and orthorhombic phases.  However, ZnCr2Se4 exhibits a rather 

distinct high-pressure behavior, adopting a monoclinic structure starting at 17 GPa30. The latter is 

a superstructure of the well-known Cr3S4-type phase, a common high-pressure and high-
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temperature polymorph for Cr-based sulfide and selenide spinels23,25,31,32. A plausible 

explanation behind this cubic-monoclinic transition in ZnCr2Se4 and, hence, its diverging 

structural behavior, might stem from the similarity in the cationic radii of Zn2+ and Cr3+ 

[r(Zn2+)IV = 0.6 Å; r(Cr3+)VI = 0.615 Å]33, which may in turn facilitate such structural 

transformation. 

In order to explore this scenario, we have investigated the high-pressure structural and 

vibrational properties of the relevant ZnCr2S4 spinel. This material undergoes two successive 

magneto-structural transitions at 15 K (SG I41/amd, Z = 4) and at 8 K (SG Imma, Z = 4) at 

ambient pressure, with both phases exhibiting antiferromagnetic (AFM) ordering12. There have 

been three reports on the effect of pressure on the magnetic and structural properties of ZnCr2S4 

to date34–36. More precisely, pressure enhances the AFM interactions in ZnCr2S4, consistent with 

the behavior of other Cr-based spinels upon compression37,38. In addition, a previous X-ray 

diffraction (XRD) study indicated the onset of amorphorization beyond 10 GPa36. In light of our 

recent findings on similar Cr-bearing chalcogenide spinels, however, the pressure-induced 

structural evolution of ZnCr2S4 calls for a re-examination.  

Indeed, our high-pressure XRD and Raman spectroscopic investigations on ZnCr2S4 up to 42 

GPa revealed two reversible structural transitions at 22 GPa, into  a tetragonal I41/amd phase, 

whereas an orthorhombic phase was detected at ~33 GPa. Overall, ZnCr2S4 closely resembles the 

structural trend of the CdCr2S4
26, CdCr2Se4

27, HgCr2S4
28, and HgCr2Se4

29
 compounds, hence 

excluding the similarity in the cationic radii of Zn2+ and Cr3+ as the reason behind the structural 

divergence of ZnCr2Se4
30.  

Following our previous proposal27, we detected a direct link between the Fd3�m→I41/amd 

transition pressure and the ratio of magnetic exchange interactions active in these systems. 
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Consequently, it appears that the tuning of the magnetic properties by external pressure can lead 

to structural transitions toward phases of lower crystalline symmetry, i.e., sufficient compression 

is able to induce spin-driven Jahn-Teller transitions in these systems. Interestingly, ZnCr2Se4 

does not fit into the aforementioned linear trend, indicating that the cubic-monoclinic transition 

is most likely originating from distinct magnetic effects active in ZnCr2Se4. 

Finally, careful analysis of the Fd3�m structural parameters for ZnCr2S4 revealed a previously 

unnoticed isostructural transition taking place between 9 and 14 GPa. This isostructural 

transition appears to be related to changes in the electronic properties of this system. The latter is 

evidenced for example by an abrupt drop of the overall Raman intensity, a common trend among 

Cr-bearing chalcogenide spinels under pressure26–30. Similar coupled isostructural-electronic 

transitions were also discovered for the HgCr2S4 and ZnCr2Se4 compounds, within the stability 

region of the ambient-pressure Fd3�m phase.  

 
Figure 1. Polyhedral representation of the spinel structure (SG Fd3�m, Z = 8). The green tetrahedra 

correspond to ZnS4 units, whereas the red octahedra represent the CrS6 cages, with the Zn and Cr 

cations residing in the respective polyhedral units. The S ions are displayed as yellow spheres.  

 

 

2. Experimental Section 
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Details of the ZnCr2S4 sample synthesis have been reported elsewhere12,39. High pressure 

measurements were carried out by using a rhenium gasketed diamond anvil cell (DAC), 

equipped with a set of diamonds with 300 µm culet size. The ruby luminescence method was 

employed for pressure calibration40.  

The angle-resolved high-pressure powder XRD measurements at room temperature  were 

performed at the 16BM-D beamline of the High Pressure Collaborative Access Team, at the 

Advanved Photon Source of Argonne National Laboratory. The incident monochromatic X-ray 

beam energy was E = 29.2 keV (λ = 0.4246 Ǻ), and the sample-detector distance was 318 mm. 

Helium served as pressure transmitting medium (PTM). The measured XRD diffractograms were 

processed with the FIT2D software41. Refinements were performed using the GSAS+EXPGUI 

software packages42,43. The P-V data were fitted with a Birch-Murnaghan equation of state (B-M 

EoS)44 using the EosFit program45.  

High-pressure Raman experiments at room temperature were conducted on single-crystalline 

ZnCr2S4 samples with a solid-state laser (λ = 532 nm), coupled with a single-stage Raman 

spectrometer (Andor S500i) and a charge-coupled device. Both helium and a mixture of 

methanol-ethanol-water (M/E/W) 16:3:1 served as PTM in separate runs, yielding similar results. 

The Raman spectra were calibrated with a Hg lamp. 

 

3. Results and discussion 

3.1. Structural Properties under Pressure 

In order to characterize the pressure-induced structural evolution of ZnCr2S4, we have 

conducted in situ high-pressure XRD studies. Selected XRD patterns are presented in Figure 2. 

We can observe that the initial Fd3�m phase persists up to ~20 GPa. New Bragg features appear 
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at 21 GPa, indicative of a structural transformation at that pressure. The XRD patterns are 

dominated by the new high-pressure phase at ~23 GPa already.  

The majority of the Bragg peaks for this first high-pressure phase could be indexed to a 

tetragonal I41/amd structure (Z = 4), a common high-pressure modification for Cr-based 

spinels28–30. We note that the SG I41/amd is a direct subgroup of SG Fd3�m
46, with the c-axis in 

the two structures being common, whereas the tetragonal atetr-axis equals the cubic lattice 

parameter acub divided by 21/2 (we employ the normalized a* = atetr√2 tetragonal lattice 

parameter in our discussion from now on, for direct comparison with acub); in addition, both 

phases exhibit the same cationic coordination, i.e. 4-fold for Zn and 6-fold for Cr.  

Increasing pressure further leads to a splitting of several tetragonal Bragg peaks at ~33 GPa 

[e.g. the (200) Bragg peak at ~7o in Figure S1 in Supporting Information], thus signifying 

another structural transition. This second high-pressure phase could be assigned to an 

orthorhombic distortion of the tetragonal cell, consistent with the pressure-induced behavior of 

relevant Cr-spinels26,28. Given the preferred orientation and the broadening of the Bragg peaks, 

however, an unambiguous space group assignment was not feasible in this case. For performing 

the XRD refinements, however, we have employed SG Imma due to the following reasons: (a) it 

is a direct subgroup of SG I41/amd, hence the cationic coordination is retained, and (b) it is a 

low-temperature modification of ZnCr2S4, which undergoes a similar sequence of structural 

transitions, i.e., cubic→ tetragonal→orthorhombic upon lowering temperature12. Furthermore, 

the Fd3�m phase is recovered upon decompression, consistent with the general trend of Cr-

spinels26,28–30,47.  

We should mention, however, that neither the tetragonal I41/amd nor the orthorhombic high-

pressure ZnCr2S4 modifications could reproduce all of the observed peaks, with (at least) four 
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Bragg features in the former and six peaks in the latter case escaping indexing (asterisks in 

Figure 2 & Figure S2 in Supporting Information). At first, we attempted to index the first 

high-pressure phase assuming another (single) structural model. Among the plausible structural 

candidates, we considered (a) a monoclinic Cr3S4-type structure (SG C2/m, Z = 2), which is the 

high-pressure phase of FeCr2S4
22 and a common high-pressure and high-temperature polymorph 

for several sulfide spinels31, (b) a CrMo2S4-type structure (SG Cc, Z = 8), a superstructure of the 

aforementioned Cr3S4
48 and the high-pressure phase of ZnCr2Se4

30, (c) the two monoclinic high-

pressure structures reported for Co3O4
49, and (d) the denser CaTi2O4-, CaFe2O4-, and CaMn2O4-

type orthorhombic phases adopted by spinel oxides upon sufficient compression50,51. None of 

these phases, however, could reproduce all of the observed Bragg features.  

Consequently we checked for possible impurities that may arise after the first structural 

transition of ZnCr2S4 due to e.g. partial decomposition, as predicted for Cr-based oxide spinels52. 

Even though we can probably exclude utter decomposition of ZnCr2S4 into its binary 

constituents ZnS and Cr2S3 and/or elemental dissociation, since the original spinel phase is 

recovered upon decompression [Figure 2], partial dissociation may still be a viable possibility. 

However, neither a combination of rocksalt-type ZnS53 and the high-pressure modification of 

Cr2S3
54, nor elemental Zn55 and any sulfur polymorphs stable in this P-T range (S-I and S-II56,57) 

could be detected in our XRD patterns. Furthermore, the contamination of our XRD patterns 

from external sources such as the ruby pressure marker, the rhenium gasket material, and/or 

helium (PTM) was also tested and excluded. Hence, we conclude that the ZnCr2S4 XRD patterns 

above 21 GPa are composed of a phase mixture, respectively, with the primary phase being the 

tetragonal I41/amd phase (22-30 GPa) and its orthorhombic distortion (30-42 GPa). The 

secondary minority phase (or phases) could not be identified at this stage due to the limited 
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number of Bragg peaks available for indexing. It is also not clear at this point whether these 

‘secondary’ Bragg features in the I41/amd and orthorhombic XRD patterns correspond to the 

same structure (Figure S3 in Supporting Information).  
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Figure 2. Selected XRD patterns of ZnCr2S4 at various pressures (T = 300 K, λ = 0.4246 Å). The various 

phases are indicated by black (Fd3�m), red (I41/amd), blue (Imma), and orange (phase 

mixture). Asterisks mark the strongest Bragg peaks of the secondary phase(s) (see text). 
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Figure 3. (a) Lattice constants and (b) unit cell volume per formula unit as a function of pressure for the 

various phases of ZnCr2S4. Error bars lie within the symbols. The vertical dashed lines mark the 

onset pressures of the structural transitions, whereas the red solid line represents the fitted Birch-

Murnaghan EoS functions. 

 

Turning now to the evolution of the structural parameters under pressure, we note that the 

quality of the obtained XRD diffractograms allowed for full Rietveld refinements of the Fd3�m  

and the I41/amd structures (Table S1 in Supporting Information). However, only the lattice 

parameters could be extracted for the orthorhombic phase. In Figure 3 we plot the pressure-

induced behavior of the lattice parameters and the respective volumes for all of the ZnCr2S4 
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phases. The fitting of the Fd3�m P-V data with a third-order B-M EoS yielded a bulk modulus 

value of B0 = 96(3) GPa (Table 1), consistent with the bulk moduli of relevant Cr-spinels28–

30,58,59 and almost identical with the previous XRD study conducted up to 12 GPa36. Upon 

passing into the tetragonal phase, we notice a sizable volume change at the transition point (~5%, 

Figure 3). Inspection of the lattice parameters reveals that the volume drop is primarily 

attributed to the small c/a* < 1 tetragonal axial ratio (Table S1 in Supporting Information).  

Even though similar first-order Fd3�m – I41/amd transitions have been observed for other spinels 

under pressure60,61, the volume change at the transition point cannot be rationalized by SG 

symmetry considerations alone46. We discuss this point in more detail below.  

 

Table 1. Elastic Parameters (Volume Per Formula Unit VTr / Z, the Bulk Modulus BTr, and the Pressure 

Derivative of Bulk Modulus B’Tr) for the Various Phases of ZnCr2S4 under Pressure, As 

Obtained by the Fitting of Birch-Murnaghan EoS Forms44 to the Measured P-V Dataa.  

Phase PR (GPa) VR / Z (Å3) BR (GPa) B'R 

Fd3�m 10-4 124.6(exp.) 96(3) 4.3(4) 
I41/amd 22.3 99.5 (exp.) 125(2) 4(fixed) 
[Imma] 33.2 92.4 (exp.)  153(4) 4(fixed) 

aEach parameter is evaluated at a reference pressure PR. Exp.= experimental value. 

 

Finally, the  I41/amd – orthorhombic transition does not exhibit any visible volume change at 

the transition point; the tetragonal and orthorhombic c-axis exhibiting a rather continuous 

transition, whereas the tetragonal a-axis splits into an (almost) incompressible orthorhombic a-

axis and a more compressible b-axis (Figure 3). The ‘‘orthorhombicity’’, i.e., the b/a ratio 

deviates more than unity upon further compression. Overall, the I41/amd – orthorhombic 

transition can be classified as a second-order transition. Both the I41/amd and the orthorhombic 
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P-V data could be described with a single (second-order) B-M EoS form [Figure 3(b) & Table 

1]. 
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Figure 4. Pressure-induced changes of (a) the Cr-S-Cr bond angles and (b) the Cr-S, and Cr-Cr bond 

lengths for the Fd3�m and the I41/amd phases. 

 

In order to get a more comprehensive understanding of the cubic-tetragonal transition, we turn 

now to the evolution of the interatomic parameters against pressure. Selected bond angles and 

bond lengths are shown in Figure 4. The Cr-S-Cr bond angle, which serves as the pathway for 

the nn FM superexchange in the Fd3�m phase4,6, exhibits a marginal decrease against pressure 

[Figure 4(a)]. This appears to be a common feature among Cr-based spinels28,29,60,61. 
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Furthermore, all of the cation-anion bond distances decrease upon compression, with the Zn-S 

bond being slightly more compressible (Table S1 & Figure S5 in Supporting Information). 

Upon passing into the I41/amd phase, the Cr-S-Cr, Cr-S, and Cr-Cr parameters split into two 

components due to the tetragonal symmetry, into an apical (along c-axis) and an equatorial 

(parallel to ab-plane) constituent; however, the Zn-S bond distance remains unique (Figure 4 & 

Table S1 in Supporting Information). The shortened Cr-S (and Cr-Cr) bond distances along 

the apical direction indicate a ‘flattening’ of the CrS6 octahedra along the respective axis, 

implying significant changes in the corresponding magnetic exchange interactions. We finally 

mention the expansion of the Zn-S bond length upon the Fd3�m – I41/amd transition, partially 

compensating for the shortening of the apical Cr-S bonds (Table S1 in Supporting 

Information). 

 

3.2. High-Pressure Raman Spectroscopy 

Having established the structural sequence of ZnCr2S4 from our XRD investigation, we turn 

now to our Raman spectroscopic studies. As we explain below, except from the detection of the 

high-pressure phases, we could additionally resolve an electronic transition taking place in the 

Fd3�m phase. 

For the starting Fd3�m phase of ZnCr2S4, we observed all of the five expected Raman bands 

(Figure 5)62,63;. The measured zero-pressure frequencies ω0 (Table S4 in Supporting 

Information) are in good agreement with the previously reported values62,63. All of the Fd3�m 

bands exhibit normal behavior upon compression, i.e. their frequencies increase against pressure 

(Figure 5b).  
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Figure 5. (a) Normalized Raman spectra of ZnCr2S4 at selected pressures (λ = 532 nm, T = 300 K).  The 

various phases are indicated by different colors: black for Fd3�m, red for I41/amd , blue for 

orthorhombic, and orange for coexistence. Arrows denote the new Raman-related features. 

Background has been subtracted for clarity. (b) Raman mode frequency evolution against 

pressure. Closed and open symbols depict measurements upon increasing and decreasing 

pressure, respectively. The vertical dashed lines represent the onset of the phase transitions. 

 

The Fd3�m Raman-active modes are retained up to ~18 GPa (Figure 5a). Beyond that pressure, 

we observe a total of five new Raman-active modes in the Raman spectra, such as the low-

frequency sideband at ~290 cm-1 of the strongest Eg peak. The appearance of these novel Raman 

features indicate a pressure-induced structural transition of the Fd3�m phase close to 18 GPa, in 
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very good agreement with our XRD results.  Interestingly, we note that the low-frequency F3
2g 

and the high-frequency A1g modes, which appear to ‘persist’ in the high-pressure phase, exhibit 

an abrupt frequency drop at the structural transition point (Figure 5b). Finally, we note that the 

overall Raman intensity of ZnCr2S4 showed a substantial reduction in the vicinity of the 

transition point. Close examination of the spectra revealed that the Raman intensity drops 

abruptly prior to this first pressure-induced transition, i.e. close to ~11 GPa. We will come back 

to this point later. 

Our XRD study has identified this first high-pressure phase as a I41/amd structure. According 

to group theory, a sum of ten Raman-active modes are expected for this tetragonal phase64. Due 

to the overall low Raman intensity after the transition, however, only six Raman bands can be 

resolved (Figure 5). The two most prominent features of the I41/amd phase are expected to result 

from the splitting of the Fd3�m Eg mode64, consistent with our observations. As for the frequency 

reduction of the A1g stretching mode upon the Fd3�m →I41/amd transition, it can be rationalized 

by the Cr-S bond length asymmetry induced by transforming into the tetragonal phase, i.e. the 

splitting of the Cr-S bond lengths into two distinct and unequal values65 (Figure 4b).  

Upon further pressure increase, we can observe additional changes in the Raman spectra at ~27 

GPa (Figure 5). In particular, three new Raman features appear within the 100-300 cm-1 

frequency range, whereas the “descendant” of the Fd3�m Eg mode and its sideband merge again 

in a single peak above 27 GPa. This behavior hints another pressure-induced transition in 

ZnCr2S4 close to that pressure, consistent with the I41/amd-orthorhombic transition evidenced in 

our XRD results. Finally, the starting Fd3�m phase is recovered upon decompression, again in 

agreement with the XRD studies (Figure 5). 
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Before closing the section, we note that the transition pressures PTr of the Fd3�m→I41/amd and 

the I41/amd→orthorhombic transitions determined by our XRD study are 3-6 GPa higher 

compared to our Raman observations. The minor deviations in the PTr can be accounted for by 

(a) the different PTM employed in the two investigations66,67 (M/E/W remains hydrostatic up to 

~10.5 GPa, whereas helium provides generally good hydrostatic conditions up to 40 GPa)68, (b) 

the use of different types of sample in the two studies (powder for XRD, single crystals for 

Raman), and (c) the different ‘‘sensitivity’’ of the two methods (Raman probes the structure on a 

local scale, whereas XRD serves as a more bulk probe of the lattice). Since the Raman 

investigations were performed with both PTM and yielded almost identical results, we tend to 

attribute the small PTr differences in the different form of samples used in the two studies and the 

more local nature of Raman spectroscopy (see e.g. Ref.69 for more details). 

 

3.3. Comparison with Relevant Cr-Spinels 

The pressure-induced sequence of cubic-tetragonal-orthorhombic structural transitions 

observed in ZnCr2S4 is consistent with the structural trends of most Cr-bearing chalcogenide 

spinels upon compression (Figure 6)26–30, as well as with the structural sequence reported for 

ZnCr2S4 at ambient pressure and low temperatures12. Our results, however, clearly contradict the 

previous high-pressure ZnCr2S4 single-crystal XRD investigation of Wittlinger et al.
36, where the 

onset of amorphization around 10 GPa was reported. Even though the reasons for this 

discrepancy are not clear, we can offer some plausible reasons such as (1) the different PTM in 

the two studies, i.e. we used helium compared to the argon and alcohol mixture used by 

Wittlinger et al.
36, (2) possible pressure-induced texture effects in the single-crystal XRD study, 

and (3) it is not clear whether the ZnCr2S4 sample of Wittlinger et al.
36 was synthesized in a 
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similar way to our samples, since the synthesis procedure may alter the respective properties3. 

Nevertheless, an up-to-date single-crystal XRD investigation on ZnCr2S4 is required to fully 

resolve this issue. 
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Figure 6. Overview of the pressure-induced structural behavior for several Cr-based spinels at ambient 

temperature. The stability field for each phase is indicated with a different color: black for the 

starting Fd3�m, red for I41/amd, blue for orthorhombic, green for disorder, cyan for an unidentified 

high-pressure phase (HP3), and yellow for the CrMo2S4-type. The open star symbols denote the 

onset of the Raman intensity drop. Abbreviations: ZCS = ZnCr2S4, CCS = CdCr2S4, HCS = 

HgCr2S4, CCSe = CdCr2Se4, HCSe = HgCr2Se4, and ZCSe = ZnCr2Se4. Data are from Refs.26–

30. 

 

Except from the high-pressure structural behavior, another common trend for the Cr-bearing 

spinels is a potential pressure-induced insulator-metal transition. This electronic modification is 

evidenced by (a) an overall Raman intensity drop (Figure 7a)26–30, (b) mid-infrared 



18 

 

reflectance26,70, and (c) theoretical predictions71. In Figure 6 we have marked the onset pressures 

for this electronic change Pel for all of the relevant Cr-spinels, as evidenced by the overall Raman 

intensity reduction (we chose this method for determining Pel, since it represents a complete data 

set for these compounds). It becomes apparent that Pel appears to be independent of the Cr-spinel 

composition. Even though Pel lies in the vicinity of the first pressure-induced structural transition 

for half of these materials, thus not being certain whether the electronic transition is simply a 

byproduct of the structural transformation, in the ZnCr2S4, ZnCr2Se4, and HgCr2S4 compounds 

the two effects seem decoupled, i.e., the electronic transition takes place within the stability 

range of the starting Fd3�m structure in the latter materials. 

In order to look for subtle structural changes which may reflect the aforementioned electronic 

change, we have employed the Eulerian strain fE as a function of the normalized pressure F (F-fE) 

plots45 for the ZnCr2S4, ZnCr2Se4, and HgCr2S4 compounds. This approach has served well 

before for identifying subtle structural anomalies in the vicinity of electronic transitions72,73; the  

F-fE parameters should exhibit a linear correlation, with potential divergence from a linear trend 

implying (subtle) structural changes. Plotting of the F-fE parameters reveals a break between 9 

and 14 GPa for ZnCr2S4, and 8-11 GPa for both HgCr2S4 and ZnCr2Se4 (Figure 7b), in excellent 

agreement with the Pel values determined from Raman spectroscopy (Figure 6). Hence, we can 

conclude that the pressure-induced electronic transition in the ZnCr2S4, ZnCr2Se4, and HgCr2S4 

spinels is accompanied by a previously unnoticed subtle isostructural transition. For the 

remaining compounds, the electronic transition roughly coincides with the Fd3�m – I41/amd 

structural change as we mentioned before, hence becoming difficult to determine if such 

isostructural transitions are a general feature of this series. Interestingly, we note that a peculiar 

F-fE plot was recently reported for the Fd3�m phase of a natural CuCr1.7V0.03S4 sample74. Even 
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though this behavior was attributed to a unique signature of a fourth-order B-M EoS for 

describing the respective P-V data, it would be interesting to check whether an 

isostructural/electronic transition is also at play in this system.  

In order to gain a microscopic understanding of the isostructural transition mechanism in 

ZnCr2S4, we took a closer look of the interatomic parameters between 9 and 14 GPa. Close 

examination of these parameters revealed subtle changes in the Zn-S and Cr-S bond distances 

(Figure S5 in Supporting Information). In particular, the Cr-S bond expands and the Zn-S 

bond contracts in the vicinity of the isostructural transition, with both bond distances becoming 

(within error) incompressible after the transition; a slight drop was also observed in the Cr-S-Cr 

bond angle. Since these parameters modulate the charge transfer among the cations4, a possible 

explanation behind the concomitant electronic and isostructural transition might be some partial 

charge transfer from e.g. the anions toward the cations at that pressure. Since the electronic 

transition does not appear to depend on either the divalent A cation (Zn, Cd, Hg) or the anion 

(Figure 6), it should originate mainly from the Cr3+ cations sitting at the octahedral sites of the 

spinel structure (Figure 1). More suitable microscopic probes are needed to elucidate the exact 

mechanism of these changes. 
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Figure 7. (a) As-measured Raman spectra of the ZnCr2S4 Fd3�m phase at selected pressures (He as PTM). 

Notice the Raman intensity reduction above 8 GPa, prior to the Fd3�m→I41/amd transition. (b) 

Plot of the normalized stress F as a function of the Eulerian strain fE for the Fd3�m phases of 

ZnCr2S4 (black), HgCr2S4 (red), and ZnCr2Se4 (blue). The fitting parameters are listed in Table S3 

in Supporting Information. Data are from Refs.28 and 30. 
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Another common feature of these systems is the noticeable volume change at the 

Fd3�m→I41/amd transition point28,29,60,61, which is unexpected from group symmetry 

considerations. Following our previous discussion on CdCr2Se4
27, we focus on the magnetic 

exchange interactions of ZnCr2S4. In Figure 8 we plot the ratio of the nearest-neighbor (nn) J 

and the next-nearest-neighbor (nnn) K as a function of the Fd3�m→I41/amd transition pressure 

PTetr (Table S2 in Supporting Information). As we can clearly observe, there is a linear trend 

between the K / J ratio and the corresponding PTetr for all of the Cr-bearing chalcogenide spinels 

which exhibit the Fd3�m→I41/amd transition. This observation is in line with the earlier 

discussion27, and hints the crucial role of the (initially weaker) nnn interactions and, therefore, 

the competition between the different types of magnetic exchange interactions in governing the 

structural behavior of these compounds upon pressure application. In other words, it appears that 

the volume drop at the  Fd3�m→I41/amd transition point originates from a spin-driven Jahn-

Teller effect. It is noteworthy that the only spinel diverging from this linear trend is ZnCr2Se4, 

which could serve as a potential clue for explaining its rather distinct high-pressure behavior 

compared to the rest of the Cr-spinels (Figure 6). 
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Figure 8. Plot of the magnetic exchange interaction ratio Knnn / Jnn against the Fd3�m→I41/amd transition 

pressure PTetr for several Cr-spinels. See Figure 6 for compound abbreviations. The K and J 

values are taken from Hamedoun et al.
75, based on the early model developed by Baltzer et al.

6. 

 

Finally, we would like to comment on the apparent coexistence of a secondary phase alongside 

the high-pressure tetragonal and orthorhombic modifications of ZnCr2S4 (Figure 2). This 

observation is rather unique for ZnCr2S4, since such phase coexistence was not detected in any of 

the relevant Cr-bearing chalcogenide spinels26–30. Nevertheless, the coexistence of two high-

pressure phases has been observed before in spinel compounds. In particular, the technologically 

important LiMn2O4 spinel was reported to adopt two separate tetragonal I41/amd structures with 

different c/a axial ratios upon pressure increase76. In the case of LiMn2O4, however, such 

behavior was rationalized by the different ordering of the two distinct Mn3+ and Mn4+ cations 

present in the compound due to (partial) Li deficiency. In our case however, this scenario does 

not seem plausible, since any (even partial) elemental dissociation would be detected in our XRD 
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and Raman experiments. The identification of this secondary phase is left for future experiments 

employing more suitable probes, such as single-crystal XRD.  

 

4. Conclusions 

In summary, our high-pressure structural and vibrational investigations on ZnCr2S4 revealed 

that the starting Fd3�m phase is stable up to ~22 GPa. Careful analysis of the structural 

parameters, however, revealed a previously unnoticed subtle isostructural transition between 9 

and 14 GPa, which appears to be related to an electronic transition. The latter is evidenced by an 

abrupt drop of the overall Raman intensity, which is a common trend among Cr-bearing 

chalcogenide spinels under pressure26–30.  Similar isostructural-electronic transitions were also 

discovered for HgCr2S4 and ZnCr2Se4 spinels, implying the possibility of modifying the 

physical-chemical properties of these systems upon moderate compression. 

Further compression induces two reversible structural transitions at 22 and 33 GPa. The first 

high-pressure phase is identified as a tetragonal I41/amd structure, whereas the second pressure-

induced transition is attributed to an orthorhombic distortion of the tetragonal cell. We could also 

observe the development of a secondary (minority) high-pressure phase, which could not be 

identified in this study. A single-crystal XRD investigation on ZnCr2S4 might be able to identify 

this secondary high-pressure modification.  

Finally, and following our previous proposal27, we managed to unravel a direct link between 

the Fd3�m→I41/amd transition pressure and the ratio of magnetic exchange interactions active in 

these systems. Consequently, it appears that the tuning of the magnetic properties by external 

pressure can lead to first-order structural transitions toward phases of lower crystalline symmetry 

in these systems, i.e., sufficient compression is able to induce spin-driven Jahn-Teller transitions. 
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It would be interesting to investigate whether such pressure-induced magnetic modifications 

could explain similar structural transitions in relevant materials.  

 

Supporting Information. Examples of Rietveld refinements, Table with the complete 

structural parameters for all of the high-pressure ZnCr2S4 phases, calculated d-values for the 

secondary (minority) high-pressure phases, calculated ZnS4 and CrS6 polyhedral volumes with 

the respective EoS fittings, Table with the Raman-related data, and a compilation of the data 

used in plotting Figure 8. 
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