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High-pressure stability of the tetragonal spinel MgMn,O,: Role of inversion
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The phase stability of the MgMm, spinel has been studied by means of high-pressure x-ray diffraction for
pressures up to 30 GPa. Two samples with different inversion degrees have been considered. Both spinels
undergo a phase transition toward an orthorhombic stru¢Ea®n,O, type). As for the more inverted sample
the transition pressure is at least 1 GPa lower than that of the less inverted spinel, and the volume contraction,
relative compressibility, and density trends are different for the two samples, as well. These variations have
been explained considering the differences in the cation distribution and electronic proprieties. Besides, a
general scheme for the behavior of tetragonal spinel manganites at high pressure is suggested.
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[. INTRODUCTION x-ray diffraction measurements we could show that the
slowly cooled to room temperature spinel has an inversion
In recent years manganese-containing oxides have relegree around 0.2 and that it then starts increasing from
ceived a renewed interest after the discovery, in lanthanurabout 600 °C reaching a value 6f0.3 at 800 °C(Ref. 2.
manganites, of extremely high magnetoresistance value¥Ve also observed that as the inversion process proceeded, a
Many other phases, such as layered manganites, have begfogressive reduction of the tetragonal distortion arose as
also studied since the presence of manganese ions with di¢videnced by the contraction of tt@a’ ratio (where a’
ferent oxidation states induces novel and interesting properay2). However, the exact value of the inversion degree was
ties. Among mixed-transition-metal oxides a very interestingdetermined by means of Rietveld refinement of x-ray pattern
class of compounds are the spinels. One of the most studiethd by comparing the experimental and simulated intensity
is cubic LiMn,O, which is a promising material as cathode ratios between those reflections highly dependent on and
for lithium batteries: Other spinel manganites with divalent those independent from the inversion, respectively.
cations on the tetrahedral site, such as Mn, Zn, Cd, and Mg, Object of this paper is the study of the role of cation
display a tetragonal structure as a consequence of a stronlistribution in the lattice, on the HP phase stability of the of
Jahn-Teller(J-T) effect due to the presence of MH) ions  MgMn,O, spinel. For this purpose we studied two different
that fill the octahedral sites of the oxygen-ion closed-packegamples: the first has been slowly coo(&L) down to room
arrangement. Since these materials are interesting from botemperature(0.1°C/min; the second has been quenched
a fundamental and applicative point of view, we started adQD) from 1000 °C in order to make it more inverted. To the
systematic characterisation of structural, transport, and madpest of our knowledge this is the first work in which the
netic properties of manganese spinel oxides of general foreffect of the inversion degree on the HP structural features of
mulaAMn,0, (A=Cd, Mg, Zn, Mn.2~" Their physicochemi- a spinel material is taken into account.
cal properties are strictly connected with the cation The literature regarding the HP structural properties of
distribution on the lattice. It is common to refer tmarmal  spinel manganites is relatively scarce if compared to other
spinel when all théA cations are in the tetrahedral sites andmaterials. However, a detailed and thorough study of HP-
all the B cations(in this case Mhare found in the octahedral XRD on the MnO, spinel up to 38GPé&Ref. 8 and a more
ones. When all of thé ions are placed in the octahedral sites qualitative work on ZnMpO, (Ref. 9 for a pressure up to 52
and correspondingly half of th® ions are on the tetrahedral GPa appeared in the past literature and will be used in the
sites, we refer to amvertedspinel. Of course, all the inter- following discussion in order to try to rationalize the behav-
mediate cation distributions can be considered to give originor of tetragonal spinels as a function of pressure. From these
to apartially inverted spinel. The inversion degree is usuallyworks, it turned out that both M@, and ZnMnryO, undergo
expressed by a parametar and as a consequence the spinela phase transition by increasing the pressure but with differ-
formula is written agA;_,Bm)*{AB,_m]°¢O,. ent HP phases and transition pressuieg: the first spinel
Among those spinel manganites we focused on théMns;O,) turns into an orthorhombic marokitelike phase
Mg;Mn,,, O, system, for G=x=<1, which has been around 10 GPa while the latter changes into a tetragonal
scarcely studied in the previous literature apart from somerimitive cell, with a significant reduction of the/a param-
papers dealing with the study of cation distribution in the endeter, around 23 GPa. In order to shed light on the HP prop-
member MgMnO,. In this spinel the inversion process has aerties of tetragonal spinel manganites, an enrichment of the
greater tendency to occur with respect to Znip and  available literature seems to be needed. Among the possible
CdMn,O,4; as a consequence, in the Mgh@y compound, stable tetragonal manganites we chose the magnesium one
part of magnesium ions can be found in the octahedral sitesince, with respect to all the others and as explained above, it
already at room temperature. By means of high-temperaturg a partially inverted spinel.
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Il. EXPERIMENT

L 22.9 GPa

(arb.
I

MgMn,O, samples were synthesized by solid-state reac-
tion starting from stoichiometric amounts of M, (Ald-

rich, 99.999% and MgO(Aldrich, 99.999. Pellets were pre- I 20.7 GPa

pared from the thoroughly mixed powders and allowed to

react at 1200 °C for a total time of at least 6 days during —~ 16.1GPa

which they were regrounded and repelletized at least twice 3 145 GPa |

At the last thermal treatment the pellets were cooled from &= i‘ |

1200 to 400 °C at a rate of 0”XC/min and from 400°Cto = [ 134 GPa

room temperaturéRT) at 10 °C/min. This first sample will 8 GPa '“

be hereinafter referred as the slowly cooled sample and in: r

dicated with the acronym SC. The other sample employed in S ;‘JLOGM

the x-ray diffraction study was taken from the SC batch, ~, o
heated to 1000 °C for 48 h, and then quenched in an ice-=4< A

water mixture. This procedure assured a “freezing” of the va [ 358 GPa
30.7 GPa

high-temperature cation distributiéh!! This second sample & __WAJL/LJ\JM
will be hereinafter indicated as the quenched @@B). The "§ m
estimated inversion degree for the SC sample is around 20%~3 MW\JWM

18.3 GPa

n

(m=0.2; see definition am in the Introduction while for the E 175 CPa
QD it is around 40%. 167 GPa
X-ray powder diffraction(XRPD) and electron micro- 15.6 GPa W
probe analysi$SEMPA) inspections were performed to check 144 GPa
the phase purity of the obtained materials. X-ray powder 12.2GPa

10 GPa

diffraction patterns on the so-prepared samples were ac n SGPa

quired on a Bruker D8 Advance diffractometer equipped

with a Cu anode. EMPA measurements were carried out us AL A

ing an ARL SEMQ scanning electron microscope, perform- 4 6 8 10 12 14 16 18
ing at least ten measurements in different regions of eact

sample. According to EMPA and XRPD techniques, the 26’(degreeS)

above synthetic procedure produced single-phase and ho-
mogenous materials with a chemical composition in agree- FIG. 1. X-ray diffraction patterns for the MgM@, SC(A) and
ment with the nominal one. for the QD samplgB) at selectedP values. Asterisks refer to N

The high-pressure powder diffraction experiments Werepeak_s while arrows to features of the HP phase. See the text for
carried out at the European Synchrotron Radiation Facilityet@ils.
(ESRB of Grenoble, France, on the ID09 beamline by em-
ploying a diamond anvil ce{DAC) with culets diameter of angular step of 0.0138°. The two-dimensional images of the
350 um. N, was used as the pressure transmitting mediumdiffraction rings were integrated into 2D patterns using the
As for the SC sample a total of 38 patterns for pressure up t6IT2D software packagé.
36 GPa were recorded at intervals of about 1 GPa. For the Rietveld refinements of the XRD patterns were performed
QD sample we explored a reduced pressure interval—i.eQy means of thesuLLPROF software packag¥. The experi-
until 23 GPa, mainly due to a break of the metal gaskemental patterns were modeled by a pseudo-Voigt-profile
during the last pressure increase. However, as will be showfunction. A first rough background fit was carried out with an
in the following discussion, the most interestiRgrange is  exponential function on the integrated data and subtracted
the one up to about 20 GPa. TRecalibration was accom- before the Rietveld refinements. The refined parameters were
plished by following the fluorescence line of a ruby excitedthe scale factor, fifth-order polynomial background function,
by an Ar laser source according to the well-known correladattice constants, and fractional coordinates for oxyggen
tion based on a nonlinear hydrostatic pressure séaldle  andz). Thermal factors were not modeled but fixed to litera-
uncertainty onP was fixed to 0.1 GPa as previously ob- ture data collected on ZnM@, single crystal$.
served by other authors on data collected at IEO% Equation of state analysi{§OS was performed by means

Diffraction images were collected at a wavelengthyof —of the EOSFIT software!®
=0.41793 A, as determined from silicon calibration, at a
sample to plate distance of 364.538 mm. Data collection re-
quired about 2 min. Pressure variation during measurements
was kept small(<0.05 GPa by allowing the system to Figure 1 reports some selected diffraction patterns col-
equilibrate for at least 30 min prior to any measurementslected on the SC sampl@, lower panel and on the QD
The P values used in the data analysis are the ones detesample(B, upper panglfor increasing pressures values up to
mined after the XRD measurements. The angular interval 085.8 GPa(SC) and 22.9 GP4QD), respectively. As can be
the diffraction patterns resulting from the two-dimensionalappreciated, around 14—16 GPa the patterns of both samples
(2D) integrated images ranged from 3.13° to 23.36° with arshow significant changes showing the occurrence of a phase

[lI. RESULTS AND DISCUSSION
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TABLE I. Lattice constants, tetragonal distortion, and cell volume values for the MGWIBC sample at
the measurements pressures.

PressurdGPa a(A) b (A) c(A) cla’ V (A3) V (A3) bicvoL
0.0 5.72522) 5.72522) 9.2975%5) 1.1488%1) 304.7%3)
2.1 5.71002) 5.710@2) 9.23654) 1.144Q1) 301.143)
2.7 5.70482) 5.70482) 9.21694) 1.142Q1) 299.263)
4.4 5.60183) 5.69193) 9.17947) 1.14082)  297.395)
5.0 5.68453) 5.684%3) 9.151%7) 1.1385%2) 295.715)
5.9 5.67702) 5.677Q2) 9.12775) 1.13712) 294.164)
6.9 5.66803) 5.66803) 9.10126) 1.135Q1) 292.385)
8.0 5.65883) 5.65883) 9.07616) 1.13432) 290.635)
9.1 5.65063) 5.65043) 9.0525%7) 1.133@2) 289.9@5)
10.2 5.64283) 5.64233) 9.02986) 1.13182) 287.465)
11.1 5.63523) 5.63523) 9.00977) 1.13072) 286.1@5)
12.2 5.62763) 5.627@3) 8.99017) 1.12982) 284.715)
13.2 5.62084) 5.62084) 8.97299) 1.129G3) 283.486)
14.4 5.61196) 5.61196) 8.9491) 1.12793) 281.889)
15.6 5.60196) 5.60196) 8.9201) 1.12613) 279.929)
17.5 9.3883) 9.387@8) 2.8531) - 251.35)
18.9 9.32%3) 9.3943) 2.8441) - 249.12)
20.7 9.3103) 9.3893) 2.84Q1) - 248.32) 248.95)
22.6 9.2823) 9.37693) 2.83441) - 246.12)
23.4 9.278%4) 9.3714) 2.8311) - 246.02) 246.44)
24.4 9.2653) 9.3543) 2.82711) - 245.12)
25.5 9.25%2) 9.3442) 2.8241) - 244.22) 243.15)
27.0 9.24%3) 9.3193) 2.8191) - 242.82)
28.0 9.24(8)  9.30713)  2.8141) - 242.92) 241.78)
29.4 9.22%3) 9.2923) 2.8131) - 241.22)
30.8 9.2213) 9.2753) 2.80929) - 240.23) 239.85)
32.0 9.2114)  9.2643)  2.8041) ; 239.33)
33.6 9.19%4) 9.2493) 2.7981) - 238.03)
34.9 9.1844) 9.2303) 2.7941) - 236.83)
35.8 9.1784)  9.2204)  2.7941) - 235.93) 235.26)

transition towards a high-pressure phase. All the patterns re- We will first concentrate our attention to the low-pressure
ordered from the pressure of the sample [62d5Pa for the (LP) phases. Tables | and Il show the lattice constants deter-
SC sample and-6 GPa for the QD sampldo pressure val- mined from the Rietveld refinements, the tetragonal distor-
ues before the transition—i.e. 15.6 GRPAC) and 14.5 tion(c/a’) and the cell volumes for the SC and QD samples.
(QD)—can be satisfactorily indexed by means of a single-Up to theP+ the cell volume progressively contracts of about
phase tetragonally distorted spinel belonging to the spac@é.5% (SO and 7.6%(QD).

group l4;/amd (No. 141). As can be clearly seen from the  Figure 2 shows the lattice constaldsandc) trend versus
plots, the low-pressure and high-pressure phases never codX; while in the inset the tetragonal distortion variation as a
ist, at least within the pressure intervals used in the experifunction of pressure is plotted for the $@en symbolsand
ment. However, at 15.6 GPa for the SC sample and at 14.QD (solid symbol$ samples. Note that this latter parameter
GPa for the QD sample, some distinctive features of the HFs defined ax/a’ wherea’ =a\2, thus referring to the face-
phase are already seen such as, for example, the two reflecentered pseudocubic unit cell constructed along the diago-
tions at 11.4° and 11.6(marked with arrows in Fig. )L At nal of the tetragonal one. For a cubic spioéh’=1.

these pressure values, the main phase can be still nicely re- As can be appreciated from the inset of Fig. 2, at ambient
fined as a tetragonal spinel; so, afterwards, also the structurptessurg0.000 01 GPa, hereafter indicatedRs0), the te-
data at thesé values have been used. We also stress thatragonal distortion for the QD sample is lower of more than
these twoP values have been defined as the two transitior2% (1.126 with respect to the SC sampi&.149. In addi-
pressuregPy): 15.6 GPa(SC) and 14.5 GP4QD), respec- tion, a nearly constant difference between the two samples is
tively. preserved at all th® values considered for the LP phase. A
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TABLE II. Lattice constants, tetragonal distortion, and cell volume values for the M@M@D sample
at the measurements pressures.

PressurdGPa a(A) b (A) c(A) cla’ V (A3
0.0 5.75712) 5.75712) 9.17084) 1.12641) 304.023)
6.3 5.697%3) 5.69793) 9.00364) 1.117%1) 292.3@3)
7.3 5.6854) 5.685@4) 8.97696) 1.11642) 290.186)
8.8 5.67385) 5.67335) 8.967Q7) 1.11783) 288.617)
10.6 5.66445) 5.66445) 8.89987) 1.11123) 285.5%7)
11.8 5.65614) 5.65614) 8.892126) 1.11192) 284.476)
12.6 5.6498) 5.64985) 8.881(1) 1.11173) 283.498)
13.5 5.645%) 5.64535) 8.8651) 1.11074) 282.548)
145 5.63567) 5.63567) 8.8471) 1.11034) 281.41)
16.2 9.37%2) 9.4862) 2.851(1) - 253.12)
16.9 9.38(3) 9.4783) 2.8521) - 253.52)
17.9 9.3683) 9.4543) 2.8501) - 252.32)
19.5 9.3483) 9.43§83) 2.8471) - 251.12)
20.8 9.3284) 9.4363) 2.8431) - 250.33)
21.9 9.3224) 9.4253) 2.8391) - 249.43)
22.9 9.3174) 9.4154) 2.8361) - 248.83)

lower c/a’ parameter for the more inverted sample wastion of the tetragonal distortion d&increases. This is in turn
previously-1%interpreted as due to the inversion reaction: due to the fact that the two axiébngen Mn-O bond short-

Mgisg + 2Mny, = Mgy, + My, + My, &y

which should reduce the Jahn-Teller induced tetragonal digdzed bond lengths defined as Mn-O/Mn;Ovhere Mn-Q is
tortion as a consequence of the non J-T(Mn formed for

charge compensation.

Figure 3 reports the normalized lattice parametarand
c) for the LP phases of both sampléSC, open symbols; ) ST
QD, solid symbols It can be noticed that the relative com- cant differences are present. The compressibility alongthe

pressibilities along the and c directions are at a ratio of

about 1:2. This result is consistent with a progressive reduc-

A Ti5 55 H 9.30
L <& N
576 m 1] %6, 0995
AA R <><><><>
[ R B 00 ¢
573 [ R > > © 920
[a . ]
: DD o 112 00. . E 9.15
5.70 1 S |
~~ r [m] % . 9.10 °
Q$ o_ -A.0246810121416: A
< 567 . P(GPa) 1905
[
[ A 0 "a 19.00
564 F e
E A oo 1895
561 a aa
o
: s, 1890
¥ A ]
5.58 bt ' 885

0 2 4 6 8 10 12 14 16 18

P (GPa)

FIG. 2. Lattice constanta andb (squaresandc (triangles up
for the MgMn,O, SC (open symbols and QD (solid symbol$
samples as a function d®. In the inset thec/a’ vs P trend is
reported(same conventions for symbols as main Fig. 2

ens faster with P than the four(shortej equatorial Mn-O
bonds. This is shown in the inset of Fig. 3 where the normal-

the value at ambient pressure, are plotted as a functidh of
for some selected pressures.

The comparison between the normalized lattice param-
eters of the SC and QD samples shows that small but signifi-
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FIG. 3. Normalized lattice constants for MgMD, SC sample
(open symbols and QD sample(solid symbol$. Circles: a.
Squares:c. The inset reports the behavior of normalized bond
lengths for both samples. Squares: axial Mn-O bond. Circles: equa-
torial Mn-O bond.
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axis slightly reduces while the one along #hexis increases
by increasing the inversion degree. Let us note that in the
case of a cubic structure no differences between the thre: P
directions should be present. So this result can be directly -~ G
connected to the increased inversion in the spinel and in the >N L
change of cation occupancies between the tetrahedral an '
octahedral structural sites.

Finally, the theoretical density of the spinels, calculated
from the lattice constants, increases of about 8.9% from am-
bient pressure (d=4.319 g/cm) to 15.6 GPa (d
=4.702 g/cm) for the SC sample and of about 8.2%, from
d=4.330 g/cm at 0 GPa to 4.681 g/cimat 14.5 GPa, for
the QD sample.

Let us now switch to the HP phases. By reviewing the
current literature concerning high-pressure structural studies®
of spinel oxides, the presence of a HP-distorted structure
proves to be a general characteristic of the spinel structure
both for the cubic and tetragonal symmeélty®2?The most ¢
common high-pressure structurggl orthorhombig are the _ _
CaFgO, (space groufPnma No. 62, CaTiO, (space group FIG. 4. G_raphmal representation of the HP structures of the
Cmcm No. 63, and CaMgO, (space groufPmal No. 57  MIMn;0O, spinel.
structures. However, among the works cited, only one relateg ons are irregularly coordinated to eight oxygens with six
to spinel manganites and particularly to the J@g (Ref. 22 gitferent bond lengths. Also the octahedral environment is
compound. In that work the authors found that the orthoye|atively distorted with six different bond lengtf.
rhombic phase formed at high-pressure possesses a structureTaple IIl reports, as selected examples, the bond lengths
similar to the one of marokit¢CaMn,O,) but with signifi-  for the tetragonal SC and QD samples at ambient pressure, at
cant differences due to the replacement of(Mnfor Call).  a P close toP; (14.4 and 14.5 GPand in the orthorhombic
The only other structural report about tetragonal spinels bephase(at 18.81 and 30.7 GPa for the SC sample and 19.5
havior at HP is the one recently due to Waetgal?® which is ~ GPa for the QD samp)esalculated from the lattice constants
devoted to the study of Cok®,. For this spinel the stable determined at different pressures.

HP phase is the Cak®, one, mainly due to the chemical  We wish to point out that in all the refinements, both at
similarity between the two compounds. We remark that thdow and high pressure, we always kept the fractional occu-
differences between the three orthorhombic structures repancies of the cations fixed to those previously deternined
ported above are relatively small and in some cases it turnesince the quality of the data and, for the HP measurements,
out that an unambiguous distinction between them was nahe peaks broadening due to stress effects limited the amount
possible mainly due to the relatively low quality of the x-ray of information that could be extracted from the Rietveld re-
datal4 finements.

For completeness’ sake we tested all the three possible Figure 5 reports the cell volume variation in the wh&le
structures by refining the patterns where only the new HRange explored for the SCopen symbols and QD (solid
phase is present—i.e., from 17.5 GPa for the SC sample angymbolg samples. At the phase transition, considered to be
from 16.2 GPa for the QD one up to the high@walues about 2 GPa wide—i.e., from 15.6 GPa to 17.5 GPa—the
explored for both samples, with the three different startingcell of the SC sample contracts of 10.2% and the bulk den-
models. This kind of test demonstrated that the best agresity increases from 4.70 to 5.24 g/&%11.4%). For the
ment between the observed and calculated patterns wa&SD sample, across the transition, the theoretical bulk density
achieved when considering the CaMn structure (R, increases of about 10.7% from 4.694 gFcft4.5 GPa to
=7.2) as the starting model. In particular, a satisfactory re-5.187 g/cm (16.2 GPa while the volume contraction is
finement of the patterns was not possible with the G@ge around 9.5%. These results indicate that the unit cell of the
structure. The lattice constants for the HP phase of the SQD sample contracts of nearly 0.7% less than the SC sample.
and QD samples are also reported in Tables | and I, respedhis can be mainly connected to the more “compacted”
tively. structure of the first sampl@D) due to an overall reduction

A graphical representation of the HP phase of MglMln  of distortion as a consequence of a different ion distribution
is presented in Fig. 4. In this structure the coordination numin the structure caused by the greater inversion.
ber of A cations is increased to 8, with respect to the tetra- In comparison, in the MyO,, at thePr, which is between
hedral coordination in the spinel, while tBdons retain their 10 and 12 GPa, the volume reduces of 8.6Ref. 8. Be-
octahedral coordination. However, as it can be seen frorsides, before the phase transition, Meontracts of about
Fig. 4, this structure is dominated by edge-sharing strips 08.15% from 0 to 15.6 GPa and of 4.7% for an analogBus
octahedraB ions running parallel to the axis. These strips range(from 17.5 to 32 GPgin the HP phase. Figure 5 shows
are two octahedra wide and are linked into a herringbongome additional pointécrossed circlesrelative to volume
pattern, thus giving origin to triangular channels in which thevalues at HP: these valuésferred to the SC sampléave

'//'\‘% 40«[11;
F ’
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TABLE 1ll. Bond lengths at selecte® values for the two samples considered.
MgMn,0, SC P=0 P=14.4 MgMn,0, SC P=18.8 P=30.7
LP phase (GPa HP phase (GPa (GPa
A-O 1.991) A 1.943) A A-O(l) 2.536)(2x)  2.508)(2X)
B-O (x2) 2252 A 2.166) A A-O(Il) 2.01(5) 1.999)
B-O (x4) 1.931) A 1.895) A A-O(Il) 2.047) 2.01(8)
A-O(lIl) 2.247)(2X) 2.21)(2%)
A-O(lIl) 2177)(2X)  2.149)(2X)
B-O(l) 2.196) 2.169)
B-O(1) 1.856) 1.838)
B-O(Il) 1.865) 1.848)
B-O(Ill) 1.836) 1.81(9)
B-O(lll) 2.206) 2.178)
B-O(lll) 1.868) 1.848)
MgMn,O, QD LP phase P=0 P=14.5 MgMn,O, QD P=19.5
(GPa HP Phase (GPa
A-O 1.992) A 1.944) A A-O(1) 2.546)
B-O (x2) 22220 A 2.147) A A-O(Il) 2.025)
B-O (x4) 1.941) A 1.904) A A-O(Il) 2.04(6)
A-O(lll) 2.247)(2X)
A-O(lll) 2.175)(2%)
B-O(l) 2.197)
B-O(l) 1.865)
B-O(Il) 1.86(6)
B-O(Ill) 1.865)
B-O(Ill) 2.2008)
B-O(Ill) 1.86(6)

not been determined through the Rietveld refinement but byas an orthorhombic cell with lattice parameters in agree-
means ofbicvoL softwaré® which, basically, makes an au- ment, within the estimated standard deviation, with the ones
tomatic indexing of the powder pattern. From this proceduredetermined from the Rietveld refinement based dAnaab

it turned out that the best final solution based on our patternstructure.
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FIG. 5. Cell volume variation for MgMyO, SC samplgopen
squares and for QD samplgsolid symbol$. Lines represent the

TheV vs P data presented in Fig. 5 were used to calculate
the bulk modulugK=-V (dP/dV)] of the samples for both
the LP and HP structures. The data were fitted according to
the Murnaghan EOS

Kol (Vo )%
P:—°l<—°> —1],
KoL\ v

whereKg is the bulk modulus aP=0 while K’ is the first
derivative of the bulk modulus versud, respectively. To
treat our data we fixed th€’ value to 4. This procedure was
chosen becaug@) the correlation between the fitting param-
eters(Vp, Ko, andK’) was too high ifK’ was also consid-
ered in the refinement thus giving origin to misleading re-
sults; (ii) it was applied by all the other authors who dealt
with HP-XRD on tetragonal spinels, thus making more
meaningful a comparison between ours and previous data.
For the LP phase th&, value was 156.0+0.7 GRa?
=2.39 for the SC sample and 155.1+1.2 GB&=6.2) for

2

EOS fit. Crossed circles are volume data determined by means dhe QD sample. So even within the limit of a relatively low

DICvOL software.

estimated difference of the inversion degree between the two
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samples(around 20% we can state that the overall com- | MgMn,0, (5C)
pressibility behavior does not change significantly with the I
inversion degree. - %
Concerning the HP phase the estimation of the EOS was 15 i
done only for the SC sample since for the second one the I \\
result obtained was not reliable mainly due to the low I N
amount of HP data available with respect to the SC sample. I \%\
As for the latter, the bulk modulus of the orthorhom- 10 N
bic HP phase increases to 1964 GRA=3.4 with V, I Mn
=270.67 B (in this case also this parameter was refined
In comparison, in MgO,, Kq=134.0+£3.7 GPa for the te- I
tragonal phase and 166.6+2.7 GPa for the HP marokitelike 5 N
structure® As for ZnMn,0,, K,=197+5 GPa, by considering - N
V vs P data up to only 12 GP&Ref. 9. In addition, also the I AN
tetragonal MgFg0, spinel undergoes a transformation to- I N
wards an orthorhombic Cald,-like phase between 23.7 ol CaMn,0,  m
and 32.4 GPdRef. 20 andKj increases from 94+12 GPa T R
(tetragonal phagdo 145 GPdorthorhombic phageFinally, 105 110 115 120 125
for most of the cubic spinels which become orthorhombic at
HP the differences between the LP and HP phases, in term of <7’A> (Pm)
bulk modulus and density, are smaller then the tetragonal
spinels; for example, the HP structures are generally only FIG. 6. Transition pressures for various spinel mangariges
204—3% denser than the cubic LP ones. This smaller differhames in the plotvs the average ionic radius of tiesite. Inset:
ence between the HP and LP polymorphs is reasonable sin&¥lk modulus values vs cell volumes.
the cubic structure is more compact than the tetragonal one
for which, in fact, the density variation between the two It has been pointed otftthat the ionic radius of Mil) is
polymorphs is significantly larger. too small to achieve the eightfold coordination already found
Finally, in order to highlight the difference in thévs P at ambient pressure in the marokitelike phase already. Figure
trend for the two samples, we reported, in the inset of Fig. 56 displays the average ionic radius of thesite, (rp), for
the normalized volumes for both spinels: open squares repMn3;O, and MgMnO, (SC and QD sampl¢sagainst the
resent the data for the SC sample while the solid symbols argansition pressure from the tetragonal to the orthorhombic
relative to the QD one. marokitelike phase. For CaM@, this value was set equal to
As regards the transition pressure val(leg) we note that 0 since the orthorhombic phase is already stable at ambient
for the QD sample the new HP phase is already appreciable. The graph can be also interpreted as the pressure range of
present(few percent of phase detecjeat 14.5 GPa, a pres- Sstability of the CaMpO, phase as a function of th&-ion
sure value at which, on the contrary, no traces of the newlimension. This dependence may also explain the difference
phase are detectable for the SC sample. The first evidence f the Pt between the SC and QD MgM@, samples: the
the formation of the HP phase for the SC sample appears iverage ionic radius on tha site is greater for the more
the pattern recorded at 15.6 GPa. Moreover, at Fhislue  inverted spinel, which allows thi,/amd— Pmabtransition
the amount of the new HP phase for the SC sample can b@ occur at a pressure of at least 1 GPa lower with respect to
considered roughly equal to the amount found at 14.5 GPa ithe less inverted sampléSC). So, apparently, for those
the QD sample. Even though tHe interval between two Spinels which undergo this kind of phase transition the pres-
successive measurements is not narrow enough to look &tire at which this happens is mainly controlled by the ionic
detailed differences in the; values, the above reported evi- radii and consequently by the ions distribution between the
dences indicate that the HP phase is formed before for thigtrahedral and octahedral sites, as nicely shown for the two
QD sample with respect to the SC sample of at least 1 GP&1gMn,O, samples.
The presence of a phase transition towards an orthorhom- However, the fact that My©, and MgMn,O, spinels un-
bic phase in the MgMsO, spinels for both cation distribu- dergo a phase transition towards a more distorted structure,
tions, as found for the MyD, (Ref. § and contrary to the With respect to the ambient pressure tetragonal one, by in-
ZnMn,0, spinel(Ref. 9, is a first significant result found in = creasingP, is quite remarkable. One could expect that the
this work. application of an externdP would increase the orbital de-
Thanks to our data, which enrich the available literaturegeneracy and stabilize thg,( | 1 1) LS configuration with
we try to discuss some remarkable aspects of tetragonal spiespect to the HS configuratidég(TT T)eé(T), thus leading
nel manganites at HP: namely) a phase transition towards to the removal of the Jahn-Teller distortion and to the appear-
a more distorted structure and not towards a more regulance of a cubic crystal symmetry. However, this is never the
one[as found in a great variety of JT systems at §Refs.  case, not even for the ZnM®, spinel which remains tetrag-
24-26] together with its dependence on the samples feaenal at HP. In addition, not only is a cubic symmetry not
tures;(ii) the differences in behavior between the three memachieved, but the axial distortion increases as confirmed by
bers of tetragonal spinel manganites family for which HPthe bond-length differences between the four equatorial and
data are now available. two axial bonds which rises in the HP phase of at least 0.1 A.

w
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This suggests that the on-site Hund energy gained by thtaken from the literatur®? The bulk moduli reported in Fig.
degeneracy removal is always greater than Ajeand that 6 for Mn;O, and MgMn,O, are those of the HP structures in
the Jahn-Teller energy term is always favorable guuksi-  order to compare them with the ZnM®, data. As can be
bly) increases by increasing. In other term, it is the J-T  observed, the data follow a roughly linear trend, thus obey-
effect that prevents the system from undergoing a HS-LSng the empirical predictions of constak-V,. Let us re-
transition which, in absence of that, will lead to an energymember that a reliable value for the QD Mgh®y bulk
gain. Moreover, as a consequence of the strong J-T effect W oqulus was not determined and so this does not appear in

expect these tetragonal spinels to display a strong electromig 6. |n addition, the tendency of tetragonal spinel manga-
lattice coupling, which had been already observed in otheptes 1o move towardi, values close to the ones found for

systems to increase by increasing the appkedRef. 27. : : -
What can be imagined is the this effect should give origin'l_gﬂzgrggngtge%umc spinels—i.e., around 200 GRaf.

to an increase of the J-T energy term, thus making an in-

crease of the axially distortion more pronounced. Note-

worthy, the evolution, at HP, towards a highly distorted IV. CONCLUSION

structures is shown by those two samples which present, ) )

already at ambient pressure, the highest tetragonal distor- In this paper we reported the results of a high-pressure

tion: namely, MRO, (c/a’=1.162 and MgMnO, (c/a’ x-ray diffraction study for the tetragonal MgM®@, spinel

=1.148 S while ZnMn,0, is around 1.143. However, let for two samples with different inversion degrees. The main

us note that for the MgMy©,, spinel this value is mediated found results are the following.

also over some non J-T octahedra, where thgIWnions (i) MgMn,0, spinels, at both cation distributions, un-

are presentaround 10% of the totalwhich influence the dergo a phase transition at HP towards an orthorhombic

lattice parameter but probably they do not affect strongly thé®hase of CaMsO,-type.

setup of a cooperative J-T effect. This is also true for the QD (i) A correlation between the average ionic radius of the

sample(c/a’=1.126 SQ where the role played by the ma- A site, (rp), and the transition pressures from the tetragonal

jority of J-T octahedra should dominate the structural feato the orthorhombic marokitelike phase has been found.

tures at HP. So it can be expected that a lower distortion at (iii) The bulk moduli for the spinels follow a roughly

ambient P connected to a lower electron-lattice coupling linear trend, thus obeying the empirical predictions of con-

could effectively reduce the J-T effect by increasP@ver  stantkKq-Vi. The tendency of tetragonal spinel manganites is

the wholeP range explored and that this could make alsoto move toward, values close to the ones found for HP

available to the electrons the occupancy®f/’e, states and  polymorphs of cubic spinels—i.e., around 200 GPa.

lead to a strong reduction of the tetragonal distortion, as (iv) A tetragonal — orthorhombic transition occurs at

observed by Asbrinlet al® On the contrary, for more dis- lower pressure for the more inverted sample and with lower

torted structures, the faster increase oféhecoupling with v and density contraction at the transition pressure.

P, with respect to the reduction of the distortionhich is (v) By increasing the spinel inversion, lower differences

evident for pressures up to tifg), makes the increase of the in the relative compressibility of lattice directions are

E,.r always greater, thus provoking a distortion of the struc-detected.

ture at HP. It seems also that this aspect is closely related to

another.s_tr_uctural one—i.e., the relative sizes of Ahiens. _ ACKNOWLEDGMENTS
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