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Pressure-induced phase transitions in chromium thiospinels
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The pressure and temperature dependence of the structure ofSzaBrd Cq g Nig3LCr,S, have been
studied byin situ time-of-flight powder neutron diffraction. While the thiospinel Cg&y transforms to a
defect NiAs-type phase at 1.3 GPa and 800 °C, the nickel-doped thiospinel undergoes this phase change at 0.4
GPa and 750 °C. Quenching of the hexagonal high-temperature and high-pressure phase resulted in a transition
to a monoclinic C§S, phase, due to the ordering of the metal vacancies in every second layer. Moreover, the
spinel CoCsS, transforms at room temperature and 8.6 GPa to a phase which does not exhibit a NiAs-type
structure.
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[. INTRODUCTION two high-pressure NiAs-type phases have been isolated: a
cation-deficient NiAs phase, with hexagonal symmetry, and
Materials of general formulACr,X, in whichAis atran- a monoclinic C§S, phase. These two structures are closely
sition metal andX=0, S, Se, or Te, adopt either the spinel related; in the GJS, structure the cation vacancies are or-
or a defect NiAs-type structufeFor X=0, only the spinel dered and confined to every second layer alongctiais,
structure is found, while foX=Se or Te a defect NiAs-type while in the cation-deficient NiAs phase the vacancies are
structure is favored. In contrast to this, /8= S both struc-  disordered and distributed randomly in every lay€ig. 1).
tures may be found, depending on the naturéd.oWhenA It has been suggested that high pressures favor the ordered
=Mn, Fe, Co, Cu, materials adopt the spinel structure, while€Cr;S, phase, while at lower pressures the disordered cation-
materials withA=Ti, V, Cr, Ni have a defect NiAs-type deficient NiAs phase is formedHowever, a transformation
structure. This implies that for the ternary sulphides, the difto the higher symmetry NiAs phase at high temperatures has
ference in energy between the two forms is small. been observed for materials which adopt thgSzistructure
The spinet and the NiAs(Ref. 4 structures differ in the at ambient temperatufe The structural transformation from
stacking sequence of the anions, which is cubic for the spinghiospinel to a NiAs-type phase is accompanied by a
and hexagonal for the NiAs structure, and in the coordinatiorsemiconductor-to-metal transitifhas well as by changes in
of the cations. In the spinel structure 1/3 of the cations residenagnetic properties:
at tetrahedral sites and the other cations are octahedrally co- We sought to investigate pressure and temperature in-
ordinated, whereas in the NiAs structure all cations reside afuced structural changes in the thiospinel G&zrby in situ
octahedral sites. The latter form therefore has a higher derpowder neutron diffraction. Furthermore, in an effort to
sity, and hence thiospinels should undergo a phase transitidawer the temperature and pressure required to effect the
to a defect NiAs-type phase under pressure. It has beestructural transformation, and hence the metal-insulator tran-
shown that heatind\Cr,S, (A=Mn, Fe, Co spinels at el- sition, partial replacement of cobalt by nickel has been in-
evated temperatures and pressures allows isolation of defeegstigated. We have previously reported the preparation,
NiAs-type phases by rapid quenchifid. In these studies, characterization and physical properties of materials in the

g0
() FIG. 1. Relationship between
o ‘ ® ] (@) the CgS, structure, (b) the
cation-deficient NiAs structure,
Y Cm and(c) the Cd}, structure. Anions
are omitted for clarity. Black
® circles represent fully occupied
® ® o ® cation sites, half black circles rep-
resent a site occupancy of 0.5, and
I v three quarter black circles repre-
sent a site occupancy of 0.75.
@ (b) ©
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series Co_,Ni,Cr,S,.}? Results demonstrate that the single- ~ TABLE I. Final refined atomic parameters for CqSy at 1.3
phase region of spinel type extends over the compositio®Pa and 800 °C (Cdlphase, space grou3ml), with refined
range G<x<0.35. Here, we compare the behavior underlattice parametersa=3.4319(2) A anct=5.5836(9) A. The final
pressure and temperature of the end member §RGuith ~ goodness-of-fit indicators arB,,,=12.8% andy*=1.0, and the
the nickel doped material GgNig 3:Cr,S,, which is close to refined weight fraction for the Cglphase is 76%.

the limit of stability for the spinel structure. We also present

the behavior of CoGS, at room temperature under very A°M Site y z B(A®)  SOF
high pressuresup to 10 GPa Co 1@ 00 00 00 1.7) 0.5
cr 1b) 00 00 05 1w 10

Il. EXPERIMENT S 2(d) 1/3 2/3 0.2514) 1.7 1.0

CoChS, and C@ gNig 3Cr>S, were synthesized from the . 5 ]
elements at elevated temperatures. Mixtures of cggalem ~ finement using thessas packag€? In all refinements, the
Chemicals, 99.8% nickel (Aldrich, 99.99%, chromium neutron background was described by a polynomial and the
(Aldrich, 99+ %), and sulphur(Aldrich, 99.98% with the peak shape by a convolution of an exponential and a pseudo-

appropriate stochiometry were ground in an agate mortaY 29t _funlct:jor:j. The k?_acl:)gljround an? pea'lg shapel co%fflme?ts
prior to sealing into evacuated<(10* torr) silica tubes, o€ INcluded as refinable parameters. A sample-absorption

. 4 - N . parameter was also included, using the Debye-Scherrer ab-
Mixtures were fired at 800-1000°C for a period of betWeensorption correction model. In all refinements, site occupancy

. . ?actors(SOF) were fixed at the nominal composition and an
cooled at 4 °C/min to 300 °C prior to removal from the fur- o\ o1l thermal parameter was refined.

nace. Details of the preparation and characterization have Magnetic measurements were performed using a Quan-

been presented elsewhefe. o tum Design MPMS2 superconducting quantum interference
Time-of-flight powder neutron-diffraction data were col- device susceptometer. Samples were loaded into gelatin cap-

lected on the Polaris diffractometer at ISIS, Rutherfordsules at room temperature and data were collected over the

Appleton Laboratoryln situ high-temperature, high-pressure temperature range<sT/K<300, after cooling in the mea-

data were collected using a high temperature version of theuring field of 1000 G. Data were corrected for the diamag-

McWhan clamped cell, developed at 1SfSand capable of netism of the gelatin capsule.

achieving 800 °C and 1.3 GPa. This cell incorporates a thin

tubular graphite heating element around the sample can and . RESULTS

an integral hydraulic ram, which drives tungsten carbide an-

vils to generate pressure on the sample. Boron nitride colli- )

mation gives powder-diffraction patterns without back- Data were collected, under an applied pressure of 1.3

ground from the cell when using the 90° bank of detectorsGPa, over the temperature range<2t/°C<800. Over the

The sample was precompressed into a platinum can prior ggmPerature range 25T/°C<650 all reflections in the dif-
mounting in the cell and no pressure calibrant was addedraction patterns can be assigned to a spinel phase, although
The sample pressure and temperature were determined @}t, 650°C some additional reflections, originating from the
calibration of the cell with NaC¥ It was not possible to add !id of the platinum can, can also be observed. At 800°C, the
a pressure transmitting fluid, since the liquid would evapollighest temperature achievable with this cell, the spinel re-
rate or decompose at high temperature. During the course #fctions decrease markedly in intensity, and new peaks,
the experiment, reflections arising from the lid of the plati-Which can be indexed on the basis of a hexagona} Qdit

num can, appeared in the diffraction patterns, owing to th&€ll, appear. The structure of the cation-rich £d&i very
significant reduction in volume of the sample. Gd foil was Similar to that of the cation-deficient NiAgig. 1). While in

thus used to reduce the cell window size and eliminate thes€ latter structure vacancies are distributed randomly be-
Pt reflections.In situ room-temperature high-pressure datatween all layers, in the Cdlistructure fully occupied layers
were collected using the Paris-Edinburgh clampedteilter a!ternate with half occupied layers, in which vacancies are
the applied pressure range<®/GPa<10. In this cell, the dl_sordered. .Usmg the data cqllected at SOQ°C, a three-phase
sample volume £ 100 mn?) is formed by the hole in a TiZr Rietveld refmeme_:nt was carried out. In t_hls refinement, the_
alloy gasket and central indentations in the anvil faces. OwPt Phase was refined using the structure-independent Le Bail
ing to the small sample volume, long data collection timesMethod,” while the spinel and the Cgphases were refined
(~8 h) were required. Fluorinert was added to the sample a the usual way. Final refined parameters for data collected
a pressure transmitting medium and no pressure calibrar@ 800 °C are given in Table | and the final observed, calcu-
was used. On the basis of previous measurements carried dated and difference profiles are presented in Fig. 2. Cooling
on this cell, the sample pressure is estimated to be 90% & the pell to room temperature result_ed in a reversible trans-
the applied pressure. Initial data manipulation and reductioformation of the Cdi phase to the spinel phase.

was carried out using Genie spectrum manipulation
software'® Spectra were corrected for the effects of )
wavelength-dependent attenuation due to the cell. Neutron- on Coo,6Nio 35Cr2Ss

diffraction data, from the 90° bank of detectors were Data were collected, under an applied pressure of 0.4
summed and normalized for subsequent use in Rietveld re&sPa, over the temperature rangesZb/°C<750. Above

A. High-temperature and high-pressure study on CoCyS,

B. High-temperature and high-pressure study
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20 As before, this phase was refined using the Le Bail method.
In the refinement using data collected at 650 °C, a NiAs-type
5k phase was also included. Final refined parameters, together

with selected bond lengths and angles for data collected be-
low 750 °C are shown in Table Il. With increasing tempera-
ture, the lattice parameter of the spinel increases, while the
positional parametar decreases, approaching its ideal value.
In the spinel structure, the positional parametedescribes
the deviation of the anions from the ideal fcc configuration.
With the origin of coordinates chosen in this work, the ideal
fcc configuration of the anion framework is given by a value
of u of 0.25. Foru>0.25 the octahedra become distorted and
as a consequence, the S-Cr-S angles diverge from the ideal
value of 90°. Therefore, with increasing temperature, the oc-
) ) tahedra approach their ideal cubic symmetry, while A8
e o o rnen o dances, decrease and the Cr- diiances crease. This s
reflected in the different behavior of the volume of the poly-

CoCrS, at 1.3 GPa and 800 °C. Lower markers correspond to re-h d h h | f 1h hedra i b
flections of the Cdl phase, middle markers are for the spinel phase edra. Whereas the volume of the octahedra increases by
and upper markers for the Pt phase. >8%, the volume of the tetrahedra decreases by ca. 10%.

Before collecting data at 750 °C, the size of the cell win-

420 °C some additional reflections, arising from the lid of thedOWS was reduced using Gd foil, which proved to be an

platinum can, are observed. At 650 °C, the spinel reflectiongffemive way of remo_ving scatt_ering from the lid of the Pt
decrease in i’ntensity and r;ew peaks ,WhiCh can be indexer mple can. In the Rietveld refinement for data collected at

on the basis of a cation-deficient NiAs unit cell, appear. At rigntg ti(())r:y grl::ﬁst_gf\);azhjssee dWZﬁi:r(;(l:JIuﬁ?geapeiir?eerrlzfr?tr::?n
750°C, only the reflections assigned to the new phasg P ' 9

(NiAs) remain. Cooling of the sample to room temperature e- succassfully cgrrled out -|n the space gradp/mmc
under pressure, over a 30-min period, did not result in &NiAs structurg, refinements in the space groe3mi, cor-
phase transition to the initial spinel, nor in the retention offésponding to a Cdlstructure, resulted in similar values for
the cation-deficient NiAs structure. The pattern collected afthe goodness-of-fit indicators. These two structures differ
ter cooling under these conditions could be indexed on th&nly in the distribution of the metal vacancies between layers
basis of a monoclinic G8, unit cell, similar to that of (Fig. 1. In the experiment carried out on CoS, the high-
NiCr,S,.* pressure and high-temperature phase was identified gs CdlI
Rietveld refinements using data collected below 750 °cdecause of the presence of #id.1) reflection @=1.64 A),
were initiated with the structure determined for Which is not allowed in the space grol6;/mmc How-
Copedig3:Cr,S, at room temperature and ambient €Ver, in the simulation carried out for g:@Nig3Cr,S, in
pressure? In refinements using data collected over the tem-the space group3mi, the(111) reflection has almost zero
perature range 420T/°C<650, a Pt phase was introduced. intensity and therefore a Cdktructure cannot be excluded.

Counts

TABLE II. Final refined parameters, selected bond lengths and angles for the spinel phase at 0.4 GPa as

a function of temperaturéspace groude?m). Co atoms reside in the &J site (1/8,1/8,1/8, Cr atoms in
16(d) (1/2,1/2,1/2, and sulphur atoms in 38f(u,u,u).

Temperature (°) 25 140 300 420 480° 650
a(A) 0.88486)  9.89116)  9.90246)  9.91435)  9.91745)  9.92798)
u 0.25924)  0.25894)  0.25885)  0.258%5)  0.25692)  0.2542)
B (A?) 1.22) 1.42) 2.002) 2.599) 2.838) 3.503)
A-S (A) 2.2986) 2.2938) 2.2969) 2.2928) 2.2644) 2.233)
Cr-S(A) 2.3843) 2.3884) 2.391(5) 2.3984) 2.4132) 2.442)
Cr-Cr(A) 3.49482)  3.497G2)  3.50112) 3.50522)  3.50631)  3.510G2)
S-Cr-S(°) 85.62) 85.72) 85.73) 85.92) 86.71) 87.97)
94.42) 94.22) 94.33) 94.1(2) 93.31) 92.1(7)
Cdl, (%)° 0 0 0 0 0 33
Rup (%) 8.3 9.1 9.4 8.0 8.5 8.8
x° 1.1 1.0 1.0 1.0 0.9 0.9

3Pt refined with Le Bail method.
bweight fraction.
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TABLE Ill. Final refined parameters for G@Nig 3:Cr,S, at 0.4
GPa and 750 °C (Cdlphase, space grou@3m1l), with refined
lattice parametersa=3.4416(2) A and:=5.6150(7) A. The final
goodness-of-fit indicators aR,,=7.1% andy?=1.0.

Atom Site  x y z B(A?) SOF

A 1(@d 00 00 0.0 36 Co0033 3
Ni 0.17 ©

Cr 1) 00 00 05 3.8 1.0

s 2d) 13 2/3 02568 3.603) 1.0

Simulations carried out for both structures in the 35° bank
(long d spacings demonstrated that in the Gd$tructure the
(001 reflection @=5.61 A), which is forbidden in the
P6;/mmcspace group, should have a measurable intensity
Examination of the data collected in the 35° bank for
CoyeNig 3:Cr,S, revealed the existence of a weak peak at
d~5.6 A and therefore the structure of the high-pressure anc
high-temperature phase can be identified as being of thg Cdl
type. Final refined parameters for data collected at 750°C
are given in Table Ill. The Cdlphase has a nearly ideal
value of the axial ratioc/a, which ensures the maximum
packing efficiency. Rietveld refinement using data collected
after cooling the sample to room temperature was initiated in
the space group2/m using structural parameters determined
for NiCr,S,.*® Final refined parameters are shown in Table
IV. Representative final observed, calculated and difference
profiles for the three observed phases are given in Fig. 3.
Con 6Ni 3<Cr,S, exhibits contrasting magnetic properties ()
in the spinel and G5, forms (Fig. 4). The thiospinel shows
a large increase in the magnetization below 240 K, indicative
of the onset of long-range magnetic order, whereas the mag
netization of the G4S,-type material is almost independent
of temperature. Close examination of the data from the latter,
reveal a weak feature at ca. 240 K, consistent with the pres
ence of a small amount of spinel-type material.

(a)

@
=
1=
=
=3
&}

Counts

C. High-pressure study on CoCkS,

Data were collected, at room temperature, at ambient
pressure, 5.0, 6.8, and 8.6 GPa. Over the pressure range
<P/GP&a<6.8, the spinel phase remains, but with increasing

TABLE IV. Final refined atomic parameters for
Coyed\ig 3:CrS, at 0.4 GPa after cooling to room temperature. The
refinement was carried out in the space grogfm (CrsS, struc-
ture). The final goodness-of-fit indicators aR,,=7.7% andy?
=1.2, with final refined lattice parametees=5.8946(9) A, b
=3.4063(5) A,c=11.039(2) A, ang3=90.991)°.
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FIG. 3. Observedcrossey calculatedupper full ling, and dif-
ference (lower full line) powder neutron-diffraction profiles for
CoyeNip 3:Lr,S, at 0.4 GPa anda) 140 °C (spine) (b) 750°C
(Cdl,) (c) after cooling to 25 °C (G§S,). Reflection positions are
marked.

Atom  Site X y z B(A?  SOF
A 2@) 00 00 00 0.2) Co0.65
Ni 0.35
cr 4() —0.021(1) 0.0 02549) 092 1.0
S(1)  4() 0.3412) 00 0358) 092 1.0
S(2) 4(i) 0.3262) 0.0 0.8851) 0.92) 1.0

pressure, the reflections broaden, and at 6.8 GPa additional
very broad and weak peaks appear in the diffraction pattern,
which could not be indexed on the basis of a NiAs-type
phase. At the highest pressui®@6 GPa, the peaks arising
from the spinel phase disappear and only reflections corre-
sponding to the new phase remain, together with some re-
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35+ TABLE VI. Final refined parameters, selected bonds and angles
30' PP YL LLLY PO = Cr,S, phase for the spinel CoGsS, at room temperature as a function of pres-
i . .
1 ®e o ® thiospinel sure
257 ., PressurdGPa 104 5.0 6.8
[ )
~ 20-_ " * a(A) 9.89854) 9.76348) 9.7032)
T S S—— ° u 0.25744) 0.25954) 0.26187)
§ | . . Volume (A2) 969.81) 930.62) 9135)
104 = y Co-S(A) 2.2706) 2.2747) 2.30)
5] . Cr-S(A) 2.4043) 2.3524) 2.3176)
] ) cr-Cr(A) 3.49961) 3.45192) 3.43064)
0- IIIIIIIIIIIIIIIIIIIIIIlm S_Cr_s(o) 8652) 8542) 8414)
— 7777 93.52) 94.62) 95.94)
0 50 100 150 200 250 300 Rup 74 70 8.2
TK) X2 1.2 15 1.4

FIG. 4. Temperature dependence of the field-cooled magnetiza-

tion per gram for CggNig3Cr,S, with the spinel and with the I\V. DISCUSSION
Cr3S, structures.

The thiospinel CoGiS, transforms to a defect NiAs-type
flections of instrumental origin. In Table V the observed re_phase at 1.3.GPa a_nd 8.00 C. However, repla_cement of 35%
flections at 8.6 GPa are given. Although these reflection f the cobalt ions W.'th nickel, causes ad_ramatlc decrease, by
could be indexed on the basis of a primitive cubic cell with & factpr of 83, '(;1 the ttrha_msf?]rmatlorr: presstuge4 gnpd
a=4.97(2) A, attempts to solve the high-pressure structur(g:oo-%'\“0-0350r2 4 undergoes this pnase change at u. a
have failed. A single-crystal x-ray-diffraction study on a and 750 °C. In both cases, the structural transition is accom-

i i 0, I 1 -
similar sulphide, the ZnG§&, spinel, reported that this ma- patr)1||edt byﬂ? decreasetwévplume olftca.t7AJ, ]Y;‘%Chs's c;)‘mpa
terial becomes amorphous under high pressure and that tﬁ_@Me Ic:) C°S$ Trﬁpodr_e n the eral ure dr2 h4 (
broadening of the reflections made impossible the collection” n, Fe, Co. e discontinuity in volume, and the coex-
of data above 8 GPR.Furthermore, it has been shown that istence of two p_h_ase_s over a temperature range, suggest that
at 7.7 GPa the pressure dependence of the resistivity dpe phase transmor) is of first order. Moreovgr, comparison
CoChS, changes, which suggests a structural©f the .transformatlon pressure of CgSy with that of_
transformatiorf’ The transformation pressure obtained from COO-?]EN'O-%C;ZSJ slho_vg that Lhe Ztronﬁ pf)]reference szr\r']'
conductivity measurements is in agreement with that deterf—Or the octahedral sites, combined with the strong octane-
mined in this work. Release of the pressure resulted in éiral preference of GF, causes a stabilization of the cation-
reversible transformation to the spinel phase. deficient NiAs structure, which contains only octahedral cat-
Rietveld refinements using the data collected below g.40n sites. :

GPa were initiated with the structural parameters determined '€ P-T diagram proposed by Albers and Rooyn it
for CoCK,S, at room temperature and ambient pressure. Set_he_thlospmels should be modified to include a new _phase
lected final refined parameters, bond lengths, and angles ap%glon at low temperature and very high pressure. This new
presented in Table VI. With increasing pressure, the lattic®'@S€ @ppears to be cubic, but its structure remains unknown.
parameter of the spinel decreases, while the positional pa:Bz> materials with large andB ions adopt the TP, or
rameteru increases, which indicates the octahedra are bel® Ca%Sy structures, and therefore CoSy might be ex-
coming increasingly distorted. This distortion is accompa-P€Cted to adopt one or other of these structures at very high
nied by a decrease in the Cr-Cr and Cr-S distances, while thif€Ssures. However, attempts to model the high-pressure
Co-S distances increase slightly. Consequently, whereas tata with either of these structures, with a variety of rocksalt
volume of the octahedra decreasesb¥1%, the volume of superstructures, including LiFe@r «-NaFeQ, or distorted

the tetrahedra increases by ca. 4% with increasing pressurgPin€ls, were unsuccessful. The broadening of the peaks and
the marked decrease in intensity observed for G8£under

pressure suggest that the structure is becoming increasingly
disordered. In many cases it has been observed that, at room
temperature, materials under high pressure may amorphize

TABLE V. Observed and calculatedtvalues for the high pres-
sure phase of CoG$, at 8.6 GPa.

Observedd (A) Calculatedd (A) hK| due to the absence_z of_the thermal activation required to in-
crease the coordination numtfér.Moreover, pressure-
2.50 2.48 200 induced transformations of ternary oxides and chalcogenides
2.26 2.22 210 ABX, at low temperatures give rise to disordered high-
1.77 1.76 220 pressure modifications, where tAeandB cations are disor-
1.57 1.57 310 dered in the lattice, while the transformation at higher tem-
1.32 1.33 321 peratures can give rise to an ordered structure.

For Cq) gNig 3:Cr,S,, cooling of the high-pressure phase
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(disordered NiAs-type structureo room temperature re- magnetization which is almost temperature independent.
sulted in a transition to a g8, phase, due to the ordering of Comparison of these magnetic data with those ofSgr
the metal vacancies in every second layer. There is consigthases stable at ambient conditions, show that, however, the
erable confusion in the literature concerning the results obeurves are quite different. As reported previously by Tressler
tained with quenched materials, such as BE&grin some and Stubicart! it is quite difficult to maintain quenched
cases a disordered NiAs-type phase has been observed, whi€r,S, materials with the S, structure at ambient pres-
at other times an ordered NiAs-type phase ;&) was sure, and the materials usually contain a small amount of
reported”® The results presented in this work suggest thaspinel (<5%). This seems to be the case with
the disordered NiAs-type phase is stable only at high tem€oy gNig 3Cr,S,, thus the magnetization curve is the sum of
peratures. This has been previously observed in many othéhne contributions of the two phases. As the magnetization for
systems, in which the NiAs-type phase is a high-temperatur€r;S, phases is very weak and almost temperature indepen-
phase, being rarely retained in equilibrium conditions at lowdent, owing to a complex magnetic structure with predomi-
temperaturés where superstructureuch as GS;),2 or  nant antiferromagnetic interactioffseven a small contribu-
distorted structuregsuch as MnR?* frequently occur. tion from the strongly ferrimagnetic spinel is sufficient to
In the cobalt chromium thiospinel the €0 and CF*  mask the behavior of the €3, phase.
sublattices are aligned antiparallel since #r interaction
is much stronger than th&-A or Cr-Cr interactiong® This
gives rise to ferrimagnetic behavior. The behavior of the
thiospinel Cg ¢Nig3:Cr,S, is similar, with a slightly higher We wish to thank the EPRSC for a research grant in sup-
magnetic ordering temperatur€{= 240 K).!? In contrast to  port of our neutron scattering program. One of the authors
this, the CgS, phase of CggNig 35Cr,S, exhibits a very low  (P.V) thanks The Leverhulme Trust for financial support.
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