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We have performed combined experimental and theoretical high-pressure investigations on
magnetoelectric HgCr,S, spinel. Overall, HgCr,S, exhibits three reversible structural transitions
under pressure: the starting Fd-3m phase adopts a tetragonal /4;/amd structure at 20 GPa, an
orthorhombic distortion occurs above 26 GPa, whereas a third structural transition takes place
beyond 37 GPa. During the Fd-3m to [4,/amd structural transition, HgCr,S, experiences a
volume change of 4% which is unexpected from space group symmetry considerations alone.
Furthermore, the Fd-3m to [4;/amd transformation appears to be concomitant with an
insulator-to-metal transition whereas compression of HgCr,S, leads to a gradual suppression of
its ferromagnetism. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4830225]

Magnetoelectric materials, i.e., materials which exhibit
a strong interrelation between magnetism and electric polar-
ization, constitute a relatively rare class of compounds with
numerous potential applications.'™ In these systems a com-
plex interplay between electronic, magnetic, and lattice
degrees of freedom takes place. These entangled physical
properties pose challenges in understanding the microscopic
origin of the manifested magnetoelectricity.>*

One of the most recently discovered series of magneto-
electric materials is the group of ACr’ X, spinels (A*" =Zn,
Cd, Hg; X2 =0, S, Se; Fig. 1).5_9 These compounds have
been studied extensively over the years, owing to the intimate
coupling between their structural, electronic, and magnetic
properties.'®™'> These investigations have established the fol-
lowing: (a) The Curie-Weiss temperature @y changes from
negative to positive values with increasing lattice constant, or,
equivalently, the Cr-Cr distances; the sign of ®cw changes
upon passing from the smaller oxides to the larger chalcoge-
nide spinels. With this variation, the ferromagnetic (FM)
exchange interactions are enhanced over the antiferromagnetic
(AFM) ones. (b) Even though the FM interactions are predom-
inant in chalcogenides, a strong competition between FM
and AFM interactions is present, i.e., bond frustration. Due to
this effect, several chalcogenide spinels exhibit complex
AFM ground states.'? (c) Significant spin-phonon coupling is
active in these systems near the magnetic ordering
temperatures.'*'*2° Furthermore, coupled magneto-structural
transitions are also observed in the AFM ground states.”!* (d)
Finally, recent studies indicate a close connection between
structure and macroscopic electrical polarization for the mag-
netoelectric members of this family.>** Given this close inter-
relation between structural, vibrational, magnetic, and charge
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degrees of freedom, the variation of lattice by external pres-
sure provides an appealing method for tuning the physical
properties of these materials. Actually, several studies report
structural”*?° and electronic®®>® transitions under pressure
for various Cr-based spinels.

Here we focus on the high-pressure behavior of the
HgCr,S, spinel, one of the most prominent magnetoelectrics
in the Cr-spinel series.” In this compound, a strong competi-
tion between AFM and FM exchange interactions takes place
at ambient pressure.”’ Despite the positive and relatively
large value of ®cyw, HgCr,S, exhibits AFM ordering at 22 K.
Furthermore, macroscopic electrical polarization is mani-
fested below 70K, where strong ferromagnetic fluctuations
are present.” Since there is no evidence for a structural devia-
tion from the centrosymmetric cubic Fd-3m phase down to
5K,'° the origin of the observed polar moments remains puz-
zling. Nevertheless, HgCr,S, is suspected to be near a struc-
tural instability at ambient pressure already,?® which makes it
an attractive candidate for possible pressure-induced struc-
tural effects. Our study reveals that the compression of
HgCr,S, induces several phase transitions.

Details of the HgCr,S, sample synthesis can be found in
Ref. 29. Pressure was generated by a symmetric diamond
anvil cell with 300 um culet diamonds. The ruby lumines-
cence method was employed for measuring pressure.’® The
high-pressure XRD measurements were performed at the
16BM-D beamline of the High Pressure Collaborative Access
Team, at the Advanced Photon Source of Argonne National
Laboratory. Neon served as pressure transmitting medium
(PTM). The measured XRD diffractograms were processed
with the FIT2D software.”’ Refinements were performed
using the Gsas+ExpGUI software packages.’”>® For the
high-pressure Raman experiments, both helium and a mixture
of methanol-ethanol-water 16:3:1 served as PTM in separate
runs. The local spin density approximation (LSDA)-based
band structure and magnetic exchange calculations were

© 2013 AIP Publishing LLC
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FIG. 1. (a) Refined XRD patterns of
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performed for the experimentally determined crystal struc-
tures using the Linear Muffin-tin Orbitals (LMTO) method,**
which is implemented in the PY LMTO computer code.” A
thorough description of the theoretical methods utilized in
this work can be found in Refs. 14 and 36.

Figure 1(a) shows refined XRD patterns of HgCr,S, at
selected pressures. Overall, three structural transitions can be
observed upon compression (Figs. 1, 2, and S1 in supple-
mentary material®’): the starting Fd-3m structure transforms
into a tetragonal /4,/amd phase at 20 GPa. This structural
transition exhibits first-order character, i.e., a 4% volume
change at the transition point [Fig. 2(b)]. Such feature is
quite unexpected since SG /4,/amd is a direct subgroup of
the starting SG Fd-3m. Upon further pressure increase, an
orthorhombic distortion of the tetragonal cell occurs at about
27 GPa. This orthorhombic distortion is evidenced mainly by
the splitting of the tetragonal (200) Bragg peak.’’ Finally,
HgCr,S, undergoes a third structural transition above
37 GPa (HP3 phase). However, due to the contamination of
the XRD patterns with the Bragg peaks of the PTM and the
rhenium gasket,?” the HP3 phase could not be identified.
Decompression leads to the back-transformation of the start-
ing Fd-3m structure.”” In general, the observed sequence of
pressure-induced structural transitions in HgCr,S, is consist-
ent with the trends of several spinels upon compression.zé"38
Here we mainly describe the most interesting high-pressure
effect, namely, the Fd-3m-14,/amd transition.

The tetragonal /4/amd structure is not uncommon in the
spinel family; various spinels adopt this phase, e.g., at low
temperatures upon entering an AFM state’® or even at
ambient conditions due to Jahn-Teller effects.”® The
Fd-3m-I14,/amd transition in these cases, however, does not
exhibit any volume change. On the contrary, the cubic-to-te-
tragonal transformation in our case exhibits a 4% volume
reduction [Fig. 2(b)]. In addition, a significant change in the
shape of the CrSq octahedra is taking place: the octahedra

HgCr,S, at 5.6GPa (bottom), at
22.2GPa (middle), and at 32.2 GPa
(top). (b) Unit cell of HgCr,S, at ambi-
ent conditions (SG Fd-3m, Z=28). The
green, red, and yellow spheres corre-
spond to Hg, Cr, and S ions, respec-
tively. (c) Geometrical relationship
between the unit cells of the cubic
Fd-3m spinel phase (solid black lines)
and the high-pressure tetragonal
14,/amd structure (dashed red lines).

become compressed along c-axis whereas they are expanded
within the tetragonal ab-plane. This is evidenced in Fig. 2(d)
by the behavior of the two distinct Cr-S bonds in the /4,/amd
phase. In particular, the Cr-S(1) bonds, which refer to the api-
cal S(1) ions along c-axis, adopt a ~3.8% smaller value than
the equatorial Cr-S(2) bond distance. This “squeezing” con-
figuration of the CrS¢ octahedra is directly linked to electronic
effects as it leads to an orbital reconfiguration of the Cr-3d
electronic states [inset of Fig. 4(b)].
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FIG. 2. (a) Lattice constants and (b) unit cell volume per formula unit as a
function of pressure for the various phases of HgCr,S,. The vertical dashed
lines mark the structural transitions. The pressure-induced changes of (c) the
Cr-S-Cr bond angles and (d) selected bond lengths (Cr-Cr, Cr-S, and Hg-S)
for the cubic Fd-3m and the tetragonal /4,/amd phases are also presented.
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FIG. 3. (a) Raman spectra of HgCr,S, at various pressures (/4=532nm,
T=300K). The black and red spectra correspond to the Fd-3m and the
I4,/amd phases, respectively. (b) Raman spectra of HgCr,S, in the vicinity
of the Fd-3m—I4/amd structural transition. The blue dashed lines represent
Lorentzian fittings. (c) Raman mode frequency evolution as a function of
pressure. Closed and open circles represent measurements upon increasing
and decreasing pressure, respectively.

Interestingly, similar first-order Fd-3m-I4,/amd struc-
tural transitions were observed recently for the FeCr,O4
(Ref. 24) and MgCr,0,4 (Ref. 25) spinels under pressure. In
FeCr,0y, the first-order character of the transition was attrib-
uted to a pressure-induced Jahn-Teller effect of the Fe*" cat-
ions residing in the FeOy, tetrahedra.?* For the MgCr,04 and
HgCr,S, compounds with orbitally inactive Mg®" and Hg*"
cations, however, this explanation seems unlikely.

Our high-pressure Raman spectroscopic measurement
revealed that a phase transition is occurring at ~13 GPa
(Fig. 3), evidenced by a significant reduction in the overall
Raman cross section [Fig. 3(a)] and the splitting of the more
intense E, peak [Figs. 3(b) and 3(c)]. Taking into account our
XRD study, we attribute these changes to the Fd-3m-I4,/amd
structural transition. We should note here that the lower

2.0
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transition pressure P, evidenced in the Raman study as com-
pared with that of XRD is not unusual in high-pressure experi-
ments; such differences can be accounted for by the different
sensitivity of each experimental technique, with Raman spec-
troscopy probing more local-range order compared to XRD in
solids. Since the Raman experiments have been performed
with helium as PTM, any non-hydrostatic effects can most
likely be excluded as the cause of this 7 GPa P, difference.

Coming back to the Fd-3m-I4,/amd structural transition,
the splitting of the E, mode is consistent with such transforma-
tion.*® On the other hand, the substantial reduction of Raman
intensity may indicate pressure-induced modifications of the
electronic properties of HgCr,S,, e.g., an insulator-to-metal
transition. Such scenario appears plausible if we take into
account the following: (a) HgCr,S,4 exhibits a change from
semiconducting to metal-like behavior at ambient pressure
upon lowering temperature,’ (b) the reduced Raman cross sec-
tion of metallic systems compared to insulators,*" and (c) the
pressure-induced insulator-to-metal transitions reported for
HgCr,Se, (Refs. 27 and 28) and FeCr,S; (Ref. 26) spinel
compounds. In order to verify this assumption, we have con-
ducted band structure calculations on HgCr,S, for both the
Fd-3m and the high-pressure /4,/amd phases.

In Fig. 4(a) we show the pressure dependence of non-
spin-polarized densities of states (DOS) for the Fd-3m struc-
ture. Electronic states at the Fermi level (Eg) and at ~2eV
are formed mainly by Cr-3d t,, and e, states. The former are
split by the trigonal component of the ligand field into a;,
and e, states, but the splitting is weak and is neglected in the
following discussion. The S-p states form bands below
—1¢eV but hybridize strongly with the Cr 1,, and, especially,
the e, states. As expected, the widths of both Cr-d and S-p
states increase with pressure. On the other hand, the narrow
sharp peak formed at Er by the Cr 1,, states decreases with
pressure; its position, however, is pressure independent. A
high DOS at Eg usually points to a structural or magnetic
instability. Indeed, if spin polarization is allowed, Hund’s
coupling immediately splits the half-filled Cr #,, states into
completely filled majority- and empty minority-spin states,
thus reducing DOS at Eg to zero [Fig. 5(a)].
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FIG. 5. (a) Spin-polarized DOS for the
FM solution (Fd-3m structure) of
HgCr,S, at selected pressures. The
Cr-d and S-p electronic states are pre-
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(Ep) is assumed at zero. (b)
!E.i Comparison between the LSDA DOS
] for the ZM Fd-3m solution (16.2 GPa)
and the high-pressure AFM [4,/amd

DOS (1/eV/atom)

\ N phase (22.2 GPa) of HgCr,S,.

Energy (eV)

In Fig. 4(b), the non-spin-polarized DOS curves calcu-
lated for the F'd-3m structure at P =16.2 GPa are compared
to the DOS of the high-pressure [4;/amd structure
(P =22.2GPa). The most striking differences are the lifting
of the degeneracy of the Cr-d t,, orbitals as well as the strong
decrease of DOS at Eg upon adopting the tetragonal 14/amd
structure. As shown in the inset of Fig. 4(b), one of Cr-d t,,
orbitals, )czfy2 (xy in the cubic notation), becomes almost
completely filled. The two other Cr-d t,, orbitals (xz and yz)
shift to higher energies due to the stronger compression of
the CrS¢ octahedron along z-axis in the [4;/amd structure
[Fig. 2(d)]. This DOS decrease indicates a tendency to sup-
press magnetism in the /4/amd phase.

In order to unveil the effect of pressure on the magnetic
properties of the Fd-3m phase of HgCr,S,, we performed
spin-polarized LSDA calculations for spin-spiral structures
with a wave vector q varying along [00g] and [gg0] lines.
Obviously, the spiral with ¢=0 gives FM order of Cr
moments. Collinear antiferromagnetic order, which results in
the total spin per Cr, tetrahedron equal to zero (ZM), is real-
ized by spirals with ¢ =2 in 27/a unit, where a is the cubic
lattice constant. Such order gives the lowest magnetic energy
if the dominant exchange interaction is AFM nearest-neighbor
coupling j;. Calculations were also performed for a
non-collinear spin structure with Cr moments directed along
the lines passing through the center of a Cr, tetrahedron,
which also gives zero total spin per tetrahedron.’” The total
energies calculated for the two spin structures with zero total
moment are equal within numerical accuracy.

At ambient pressure the FM structure is more stable than
the ZM one, indicating that the dominant exchange interaction
is FM.?” However, due to competition with a rather strong
AFM exchange interaction j; between 3-rd Cr neighbors, the
total energy minimum is found at an incommensurate wave
vector (mi, = (0,0,0.6). Under pressure the energy difference
between the ZM and FM spin structures gradually decreases,
and the ZM solution becomes lower in energy at 16.2 GPa.
The total energy minimum shifts to larger ¢, = (0,0,1.05).
Thus, the dominant exchange interaction becomes less ferro-
magnetic, or even changes sign from FM to AFM with

.-.2|

0 2 4 6

Energy (eV)

increasing pressure in the Fd-3m phase of HgCr,S,. This
behavior can be explained by the strong increase of AFM con-
tribution to j; due to the decrease of Cr-Cr distances under
pressure'**® and is consistent with the experimental
high-pressure magnetic studies of Cr—spinels.“’43

The spin-polarized Cr-d and S-p DOS of the FM Fd-3m
phase are shown in Fig. 5(a), and the DOS curves for the ZM
solution (P =16.2GPa) are displayed in Fig. 5(b). The
LSDA calculations for the FM ordering of Cr moments
(Fd-3m) yield a metallic solution for all pressures. The only
apparent change in the HgCr,S, FM DOS upon increasing
pressure is the increasing overlap between the bottom of
minority-spin and the top of the majority-spin Cr-d t,, bands.
It is worth mentioning that the HgCr,S, FM solution remains
metallic even in the LSDA+U calculations; a tiny gap opens
at Eg for minority-spin bands only for U=4¢eV.

For the ZM Fd-3m structure of HgCr,S4, a gap of
E,=0.34¢V is obtained [Fig. 5(b)]. The ZM gap is smaller
than the experimental value £, ~ 1 eV of HgCr,S, at ambient
pressure.'? In LSDA+U calculations for the ZM solution
with U=3 and 4eV, the E, value increases to 0.74eV and
0.86¢eV, respectively.

More spectacular behavior is found for spin spirals: at
ambient pressure the solution with the wave vector equal to
(min 18 insulating, with an indirect gap equal to 0.14 eV and
a somewhat larger direct gap of 0.20eV. At P =5.6 GPa the
gaps decrease to 0.10 and 0.19eV, respectively, whereas
beyond P =10 GPa the solution with the wave vector qpm,
becomes metallic. This finding correlates well with the
observed reduction of Raman intensity after the
Fd-3m-14,/amd structural transition [Fig. 3]. Therefore, our
assumption for an insulator-to-metal transition accompany-
ing the Fd-3m-I4,/amd structural modification in HgCr,S,
appears reasonable.

Spin-polarized calculations were also performed for the
high-pressure /4;/amd phase of HgCr,S, [Fig. 5(b)]. In this
case spin spirals with wave vectors (¢00) and (00g) are no
longer equivalent, with the latter being more favorable due
to shortening of Cr-Cr distances along AFM bonds.?” The
lowest total energy was calculated for a spiral with
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Qmin ~ (0,0,1.0). It should be pointed out that the energy gain
due to formation of a magnetic solution gradually decreases
with increasing pressure.®’ It appears that pressure increase
favors a non-magnetic solution, thus leading subsequently to
a complete suppression of magnetism for HgCr,S,.

Finally, we discuss the possible effects of pressure on
the electrical polarization of HgCr,S,. Recent microstruc-
tural studies on magnetoelectric CdCr,S, suggest that ferroe-
lectricity arises due to the “dynamic” off-centering of the
Cr*" cations.”®?*® This cationic off-centering alters the local
structure from Fd-3m to F4-3m, which “permits” the appear-
ance of macroscopic electrical polarization. Such idea was
put forward many years ago for Cr-spinels.** Therefore, it is
only reasonable to assume that ferroelectricity in both
HgCr,S, and CdCr,S; compounds share the same origin,
i.e., local displacements of the magnetic Cr*" cations. In an
intuitive manner, one expects that application of pressure
will suppress these ionic displacements and concomitantly
will suppress ferroelectricity, a well-documented effect for
“traditional” ferroelectrics.*>**® We should note here that the
high-pressure /4;/amd phase of HgCr,S, is again centrosym-
metric, thus (in principle) excluding any ferroelectricity.
Given also that compression favors a non-magnetic ground
state for HgCr,S,, it appears that application of pressure is
detrimental for magnetoelectricity in this system.

In conclusion, we have observed a rich phase diagram
for the magnetoelectric HgCr,S, spinel under compression at
ambient temperature. The first structural transition
(Fd-3m-14,/amd) appears to be accompanied by modifica-
tions in both the electronic and magnetic properties of the
material, as revealed by our Raman and theoretical studies.
Finally, the adoption of the /4;/amd phase under pressure
seems detrimental for the magnetic and, hence, magnetoelec-
tric properties of HgCr,S,.
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National Science Foundation-Earth Sciences (EAR-
0622171) and Department of Energy-Geosciences (DE-
FG02-94ER 14466). We would like to acknowledge Dr. S.
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