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The cubic HgCr2Se4 spinel undergoes two structural transitions upon pressure increase. Initially,

the ambient-pressure Fd-3m phase transforms into a tetragonal I41/amd structure above 15 GPa.

We speculate that this Fd-3m-I41/amd transition is accompanied by an insulator-to-metal

transition, resulting in the vanishing of the Raman signal after the structural transformation.

Further compression of HgCr2Se4 leads to structural disorder beyond 21 GPa. Our spin-resolved

band structure calculations reveal significant changes in the electronic structure of HgCr2Se4 after

the Fd-3m-I41/amd transition, whereas the ferromagnetic interactions are found to dominate in both

structures. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4861591]

Transition metal compounds (TMCs) constitute one of

the most important and fascinating class of solids, exhibiting

a wide variety of structures and physical properties.1,2 This

rich diversity of the physical properties of TMCs results

from the unique nature of the outer d-electrons of the transi-

tion metal ions with different oxidation states.3 Highlighted

examples of the intriguing phenomena displayed by TMCs

include the high-temperature superconductivity of cuprates

and Fe-based compounds,2,4 as well as the colossal magneto-

resistance of Mn-bearing perovskites.2,5

Among the plethora of TMCs, Cr-based ACr3þ
2X4

spinels (A2þ¼Mg, Zn, Cd, Hg; X2�¼O, S, Se) with

non-magnetic A cations establish a prototype system for

studying magnetic exchange interactions in solids.6–8 Due to

the presence of the magnetic Cr3þ cations in a pyrochlore

lattice, strong geometric frustration is active in these sys-

tems. The strong interplay between magnetism and structure

is well documented for these Cr-spinels via the significant

spin-phonon coupling7,9–13 and the coupled

magneto-structural transitions at low temperatures.14–17

Furthermore, and adding to this physical complexity,

changes of the optical band gap18–20 and multiferroicity21–24

have been reported for these compounds upon entering mag-

netically ordered states. This strong interrelation between the

lattice, electronic, magnetic, and polar degrees of freedom

calls for additional investigations in this series of materials.

Pressure is an effective and “clean” means of tuning the

physical properties of Cr-based spinels, with several interest-

ing effects arising upon compression. In particular, pressure

can affect the magnitude of ferromagnetic (FM) and antifer-

romagnetic (AFM) exchange interactions in these com-

pounds, by enhancing the AFM over the FM ones.25–28

Another interesting pressure-induced effect is the realization

of novel structures,29–38 often exhibiting higher cationic

coordinations and completely different physical properties

with respect to the starting spinel materials.

In this study, we focus on the ferromagnetic and insulat-

ing HgCr2Se4 spinel. Earlier high-pressure resistivity meas-

urements revealed an insulator-to-metal transition occurring

at �1.7 GPa;39 a recent theoretical study places this

pressure-induced band gap closure around 10 GPa.40 Partly

motivated by this electronic effect, we have conducted

high-pressure x-ray diffraction and Raman spectroscopic

studies on HgCr2Se4, in order to resolve the role of the struc-

ture in the vicinity of the reported insulator-to-metal transi-

tion. We have clearly identified two structural transitions:

the starting cubic Fd-3m phase adopts a tetragonal I41/amd
structure at 15 GPa (first-order transition), whereas

pressure-induced disorder is observed beyond 21 GPa. We

support the experimental results with spin-resolved band

structure calculations for both the Fd-3m and the I41/amd
phases, thus gaining insight on the effect of pressure on the

electronic and magnetic properties of HgCr2Se4.

The HgCr2Se4 single crystals have been grown by chem-

ical transport reactions using a preliminary synthesized poly-

crystals as starting materials. The growth process was done

between the temperatures 735 and 695 �C, using anhydrous

AlCl3 as the transport agent. The polycrystalline powder was

synthesized from the high-purity elements Cr (99.99%) and

Se (99.999%) and binary HgSe (99.99%) at a temperature of

700 �C. To reach full reaction, three repeated synthesis

cycles were performed. X-ray powder diffraction (XRPD)

analysis has not detected the presence of any non-reacted

starting materials. Pressure was generated with a gasketed di-

amond anvil cell, equipped with a set of diamonds with

300 lm culet diameter. The ruby luminescence method41

was employed for measuring pressure. The high-pressure

XRPD measurements were performed at the 16BM-D beam-

line of the High Pressure Collaborative Access Team, at the

Advanced Photon Source of Argonne National Laboratory.a)Corresponding author. Email ywang235@oakland.edu
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Helium served as a pressure transmitting medium (PTM).

The XRPD diffractograms were processed with the FIT2D

software.42 Refinements were performed using the

GSASþEXPGUI software packages.43,44 The high-pressure

Raman experiments were conducted on single-crystalline

HgCr2S4 samples, with helium and a mixture of methanol-e-

thanol-water 16:3:1, serving as PTM in separate runs. The

local spin density approximation (LSDA)-based band struc-

ture and magnetic exchange calculations were performed for

the experimentally determined crystal structures, using the

Linear Muffin-tin Orbitals (LMTO) method,45 as imple-

mented in the PY LMTO computer code.46 A thorough

description of the theoretical methods utilized in this work

can be found in Refs. 8 and 47

In Fig. 1(a), we present XRPD patterns of HgCr2Se4 at

selected pressures. Two structural transitions can be

observed upon compression: the starting Fd-3m structure

transforms into a tetragonal I41/amd phase at 15 GPa. Upon

further pressure increase, the XRPD patterns of HgCr2Se4

are dominated by a broad peak located at �10� above

21 GPa [Fig. 1(a)], indicative of pressure-induced structural

disorder and/or amorphization. Rietveld refinements were

performed for both the Fd-3m and I41/amd phases, i.e., both

the lattice and the interatomic parameter evolution against

pressure could be acquired.48

The first high-pressure phase is evidenced by the appear-

ance of novel Bragg peaks in the XRPD patterns above

15 GPa; this novel structure has been indexed with the tetrag-

onal I41/amd space group (Z¼ 4), a direct subgroup of the

starting SG Fd-3m. The I41/amd structure, which retains the

same cationic coordination (fourfold for Hg, sixfold for Cr)

as the starting cubic phase, is very common among

spinels14,49,50 and can be easily derived from SG Fd-3m:48

the c-axis in the two structures is common, whereas the ate-

tr-axis equals the cubic lattice parameter acub divided by 21/2.

In our case, the tetragonal c-axis is compressed by 16% and

the a-axis is elongated by 7% with respect to their counter-

parts in the cubic Fd-3m structure.48 This results in a 4% vol-

ume change at the cubic-tetragonal transition [Fig. 1(b)],

thus classifying the Fd-3m-I41/amd as a first-order transition.

Such an observation is quite intriguing for spinels, since the

Fd-3m-I41/amd transition is expected to exhibit second-order

character from space group symmetry considerations

alone.50

Another interesting feature evidenced at the Fd-3m-
I41/amd transition is the change in the shape of the CrSe6

octahedra: the octahedra become compressed along c-axis,

whereas they expand on the tetragonal ab-plane. This is evi-

denced in Fig. 1(c) by the behavior of the two distinct Cr-Se

bonds in the I41/amd phase. In particular, the Cr-Se(1)

bonds, which refer to the apical Se(1) ions along c-axis,

adopt a �6% smaller value than the equatorial Cr-Se(2)

bond distance at the transition point. This shape change of

the CrSe6 octahedra heavily implies the presence of underly-

ing electronic effects at the Fd-3m-I41/amd structural transi-

tion. Interestingly, similar first-order Fd-3m-I41/amd
structural transitions were observed recently for the

FeCr2O4,31 MgCr2O4,35 and HgCr2S4
49 spinels under pres-

sure. In the case of FeCr2O4, the first-order character of the

transition was attributed to a pressure-induced Jahn-Teller

effect of the Fe2þ cations residing in the FeO4 tetrahedra of

the spinel structure.31 In the case of the MgCr2O4, HgCr2S4,

and HgCr2Se4 compounds with orbitally inactive Mg2þ and

Hg2þ cations, however, this explanation seems unlikely. We

come back to this point below.

Increasing pressure further results in the gradual disap-

pearance of the I41/amd Bragg peaks above 21 GPa. The

XRPD patterns are now dominated by a significantly broad

feature at about 10�, alongside some low-intensity peaks in

the 3�–7� 2h angle range [Fig. 1(a)]. This behavior can most

likely be attributed to a pressure-induced structural disorder

and/or partial amorphization of HgCr2Se4 above 21 GPa. A

similar pressure-induced disorder was reported for isostruc-

tural ZnCr2S4 at �10 GPa.34 Upon decompression, the origi-

nal Fd-3m structure is recovered [Fig. 1(a)].

In order to probe the lattice dynamics of HgCr2Se4

under pressure, especially in the vicinity of the

Fd-3m-I41/amd transition, we have conducted high-pressure

FIG. 1. (a) XRPD patterns of

HgCr2Se4 at selected pressures

(T¼ 300 K, k¼ 0.4246 Å). The various

phases are indicated by different col-

ors: black for Fd-3m, red for I41/amd,

blue for the disordered, and dark yel-

low for the coexistence regime. The

pressure dependence of the (b) unit

cell volume per formula unit as a func-

tion of pressure and (c) selected bond

lengths (Cr-Cr, Cr-Se, and Hg-Se) for

the cubic Fd-3m and the tetragonal

I41/amd phases of HgCr2Se4 are also

displayed. The vertical dashed lines

mark the structural transitions.

011911-2 Efthimiopoulos et al. Appl. Phys. Lett. 104, 011911 (2014)
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Raman spectroscopic investigations. The obtained Raman

spectra are displayed in Fig. 2. We can observe four

Raman-active bands for the Fd-3m phase, with their

zero-pressure frequencies x0
48 being in good agreement

with the reported values.51,52 All of the observed Raman

modes exhibit “normal” behavior under pressure, with their

frequencies increasing monotonously against pressure.48

Above 14 GPa, the Raman bands of HgCr2Se4 disappear

completely, with the Raman spectra becoming rather feature-

less [Fig. 2]. By taking into account our XRPD study, we at-

tribute this pressure-induced change to the Fd-3m-I41/amd
structural transition. The starting Fd-3m phase is recovered

in the Raman spectra upon decompression (Fig. 2), consist-

ent with the XRPD study [Fig. 1(a)].

For the high-pressure I41/amd phase, ten Raman-active

modes are expected.53 Even though some degree of local dis-

order (not evidenced in XRPD) present in the I41/amd struc-

ture cannot be ruled out as the origin behind the vanishing of

the Raman response of HgCr2Se4, we speculate that an elec-

tronic effect accompanying the Fd-3m-I41/amd structural

transition is responsible for the featureless Raman spectra. In

particular, a pressure-induced insulator-to-metal transition is

known to take place for HgCr2Se4 at �2 GPa.39 Given also

that a reduced Raman cross section is expected for metallic

systems compared to insulators,54 the disappearance of the

Raman activity upon passing into the tetragonal phase can

most likely be ascribed to a metallic I41/amd structure. We

should point out, however, that the reported

insulator-to-metal transition occurs almost 10 GPa lower

than the Fd-3m-I41/amd structural transition observed in this

work. This significant difference in the transition pressures

between the high-pressure transport study of Ref. 39 and our

XRPD and Raman experiments can be mainly accounted for

by two reasons: (a) the non-hydrostatic nature of the trans-

port measurements under pressure results in the appearance

of deviatoric stresses on the sample under investigation, thus

yielding generally much lower transition pressures compared

to other high-pressure methods,55 and (b) the quality of the

HgCr2Se4 sample employed in each investigation, since it is

well documented that the growth conditions of chalcogenide

spinels can affect the physical properties significantly.56

Interestingly, recent theoretical calculations place the band

gap closure of HgCr2Se4 at about 10 GPa,40 very close to the

Fd-3m-I41/amd structural transition seen here. Nevertheless,

an up-to-date high-pressure resistivity study on HgCr2Se4

will be needed to verify a possible insulator-to-metal transi-

tion at the Fd-3m-I41/amd structural modification.

In order to acquire a qualitative picture of the effect of

pressure on the electronic and magnetic properties of

HgCr2Se4, we have performed LSDA-based band structure

calculations for both the Fd-3m and the high-pressure

I41/amd phases. Figure 3(a) shows the calculated non-spin

polarized Cr-d and Se-p density of states (DOS) for the

Fd-3m structure at three different pressures, i.e., at 0 (blue),

4.9 (green), and 13.7 GPa (red). The width of the Cr d and Se

p states, as well as the ligand-field splitting between the Cr

t2g and eg states increase upon increasing pressure due to the

increasing hopping matrix elements. A strong narrow peak

of the Cr t2g states is located exactly at EF, which indicates

that HgCr2Se4 is close to a structural and/or a magnetic insta-

bility. Indeed, in the LSDA calculations for the Fd-3m struc-

ture (not shown), the t2g states become completely

spin-polarized yielding a Cr magnetic moment of 3 lB. The

non-spin polarized DOS curves calculated for the

high-pressure I41/amd phase are directly compared to those

of the Fd-3m structure (P¼ 13.7 GPa) in Fig. 3(b). We can

clearly observe that the intense DOS peak at EF is strongly

suppressed upon passing into the I41/amd structure, denoting

a tendency to suppress magnetism in the high-pressure tet-

ragonal modification of HgCr2Se4. In addition, the inset in

Fig. 3(b) shows the orbital configuration of the Cr t2g states

for the I41/amd phase. The tetragonal distortion of the CrSe6

octahedra, i.e., “squeezed” along c-axis and expanded on the

ab-plane [Fig. 1(c)], splits the Cr t2g states into almost com-

pletely filled dx2-y2 and partially occupied dxy and dyz

states (the Cr d orbitals are defined in the tetragonal frame).

Turning now to the magnetic properties of HgCr2Se4

under pressure, spin-polarized LSDA calculations for the

Fd-3m structure give a spin-spiral ground state with a

pressure-dependent incommensurate wave vector qmin.48

Some trends in the pressure-induced changes of the magnetic

properties of HgCr2Se4 can be captured, however, already by

comparing the pressure dependence of stabilization energies

DE for a commensurate FM and an all-in all-out

zero-moment (ZM) order (Fig. 4). In the latter, the Cr mag-

netic moments point either towards or away from the center

of a Cr4 tetrahedron in equal proportion, which results in a

zero net magnetic moment.48 Figure 4 shows that the energy

FIG. 2. Selected Raman spectra of HgCr2Se4 at various pressures

(k¼ 532 nm, T¼ 300 K). The various phases are indicated by different col-

ors: black for the Fd-3m phase and red for the high-pressure I41/amd modifi-

cation. The Raman mode assignment is displayed.

011911-3 Efthimiopoulos et al. Appl. Phys. Lett. 104, 011911 (2014)
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gain caused by the formation of a magnetic state is gradually

suppressed by increasing pressure. Magnetic solutions were

also obtained for the tetragonal I41/amd structure, for which

collinear antiferromagnetic order was considered instead of

the ZM one.48 However, the stabilization energies are

strongly reduced after the Fd-3m-I41/amd structural transi-

tion. The energy difference between the FM and the

ZM/AFM solutions decreases with pressure, which indicates

weakening of a FM contribution to the nearest neighbor

exchange interaction j1. Nevertheless, the FM solution

remains always more favorable energetically than the

ZM/AFM one at all pressures.

It should be mentioned that the LSDA spin-spiral calcu-

lations for the cubic HgCr2Se4 yield a metallic solution at

small q (including qmin) for all pressures. The insulating

behavior at ambient pressure57 can be reproduced though, if

one accounts for the relatively strong electronic correlations

in the Cr d shell by performing LDA þ U calculations. A U
value of 2 eV is sufficient in order to open a gap at qmin at

ambient pressure. Even though not attempted here, a

pressure-induced band crossing between majority and minor-

ity spin states has been reported for the Fd-3m phase of

HgCr2Se4 above 10 GPa in a recent theoretical work.40 This

band gap closure was rationalized within the context of a

pressure-induced insulator-to-metal transition. Therefore, it

appears that the Fd-3m-I41/amd structural transition of

HgCr2Se4 at 15 GPa is accompanied by an insulator-to-metal

transition, consistent with the vanishing of the Raman

response of the material after adoption of the tetragonal

phase (Fig. 2). This pressure-induced band gap closure alone,

however, cannot account for the first-order character of the

Fd-3m-I41/amd structural transition [Fig. 1(b)]. More effort

will be required in order to understand the underlying micro-

scopic effects in the vicinity of this structural transition.

Finally, we would like to discuss the structural disorder

observed for HgCr2Se4 beyond 21 GPa [Fig. 1(a)]. Generally,

pressure-induced disorder can be accounted for by two mecha-

nisms:58 (a) the disordered phase may be a transient of a struc-

tural transition into another crystalline phase, which cannot

form properly due to kinetic barriers or (b) the tendency of the

material to decompose into its constituents. Due to the revers-

ibility of the starting Fd-3m phase upon decompression [Fig.

1(a)], however, we tend to exclude the decomposition sce-

nario. Therefore, we propose that this disordered structure of

HgCr2Se4 appearing above 21 GPa is a precursor of another

crystalline phase, which probably exhibits higher cationic

coordinations. Considering the available literature on spinel

compounds, we can suggest the following candidates as possi-

ble structures for this second high-pressure phase of HgCr2Se4:

(I) a Cr3S4-type structure, which is the high-pressure phase of

FeCr2S4
29 (sixfold coordination of both cations) and a common

polymorph for several sulphide and selenide Cr-spinels at com-

bined high-pressure and high-temperature conditions,33,36–38

(II) one of the monoclinic high-pressure phases reported

recently for Co3O4
59 (sixfold coordination for both cations), or

(III) one of the denser CaFe2O4-, CaMn2O4-, and CaTi2O4-type

structures (eightfold and sixfold cationic coordinations) adopted

by several oxide spinels upon compression with or without

thermal treament.30,32 Nevertheless, a combined high-pressure

and high-temperature structural study on HgCr2Se4 will be

needed in order to identify this disordered structure.

In conclusion, we have shown that the cubic HgCr2Se4

spinel undergoes two structural transitions upon pressure

increase. In particular, the ambient-pressure Fd-3m structure

FIG. 3. (Left) Non-spin polarized Cr d

and Se p DOS for the Fd-3m structure.

Zero energy is at the Fermi level (EF).

The DOS peaks at EF and at �2 eV

originate from Cr t2g and eg states,

respectively. (Right) Direct compari-

son between the Cr d and Se p DOS

for the Fd-3m (P¼ 13.7 GPa) and

I41/amd (P¼ 15.7 and 19.8 GPa) struc-

tures. Inset shows densities of the Cr

t2g states split by tetragonal distortions.

FIG. 4. Pressure dependence of the magnetic energies DE for the FM (blue)

and ZM (red) structures of HgCr2Se4. The magnetic energy is defined as

DE¼EM�E0, where EM and E0 are the total energies obtained for a

spin-polarized and a spin-restricted solution, respectively.

011911-4 Efthimiopoulos et al. Appl. Phys. Lett. 104, 011911 (2014)
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transforms into a tetragonal I41/amd phase above 15 GPa. By

taking into account an earlier high-pressure resistivity

study,39 a recent theoretical investigation,40 and the vanish-

ing of the Raman signal after the Fd-3m-I41/amd structural

transformation, we speculate that this Fd-3m-I41/amd transi-

tion of HgCr2Se4 is accompanied by an insulator-to-metal

transition. Our band structure calculations demonstrate the

significant Cr-d DOS rearrangement after the

Fd-3m-I41/amd transition. Furthermore, the ferromagnetic

nearest neighbor magnetic exchange interaction is shown to

prevail in both the Fd-3m and the I41/amd phases. Upon fur-

ther compression, HgCr2Se4 undergoes pressure-induced dis-

order beyond 21 GPa. We interpret this behavior as a

precursor of another crystalline phase with higher cationic

coordinations, which cannot crystallize properly due to ki-

netic effects. A more detailed characterization of the struc-

tural properties of HgCr2Se4 above 21 GPa involving in situ
temperature treatment is left for future investigations.
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