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It has been observed that the fcc spinel Ndptransforms to a tetragonal structure at about 12 GPa. The
tetragonal phase does not revert to the cubic phase upon decompression and its unit-cell constants at ambient
pressure ara,=8.65(8) andc,=7.88(15) A (distorted fcg. Within the experimental uncertainty, there is no
volume change at the transition. Théa ratio of the tetragonal spinel is almost independent of pressure and
equal to 0.91. The phase transition is attributed to the Jahn-Teller-type distortion and the ionic configuration
can be assumed a@Vn®")[Ni?*Mn3'],,. The bulk modulus of the cubic phase is 246 GPa.
[S0163-18208)01409-X]

INTRODUCTION a cation configuration where all the nickel ions are
in the NP* state and the manganese ions in the?NMn
A considerable effort has been devoted to understandinyin®*, and Mrf" states. Thus the formula is
the physical properties of thed3ransition-metal oxides, in  (Niz*,MnZ*)[Ni*Mn3{,_,Mn;*]O,, with x=0.80(1) at
particular those of the spinel type. The distribution and va-ambient temperature, arx=0.87(1) at 115 K. The ob-
lencies of the metal ions in the spinels are of great imporserved magnetic momentum per formula unit s
tance for the interpretation of the magnetic, electric, and-g g,,,. This value indicates that the magnetic interaction
crystallographic properties of these materials. between the tetrahedr&l and the octahedrd® sites domi-
_ NiMn;0, is ferrimagnetic at low temperatures. Its nega-pates over theA-A and B-B interactions. The manganese
tlvg temperatgre cogfﬁc!ent of reS|st|V|t.y.has been fqund US€zations take part in this antiferromagnetic coupling which
ful in electronic applications. The conditions determining the. o 3+
) ; _ “involves an  electron exchange fMO?-Mn3
valency and the lattice site preferences of the fwo cations 2t o r g At : . .
have been broadly discussed in the literat(see Asbrink ~—Mna -O” -Mng". Besides, the existence of Mn in two
et all and Refs. 1~7 thereinbut still they remain uncertain. dlffergnt valence states at the octahedral sites explains the
Experiments have shown that the stoichiometry may Strongbelectrlcal conductivit§ as well as the absence of the Jahn-
depend on the methods of preparation, i_e_, on the tempera—_euer tetragonal distortion, which Only can take place if the
ture of synthesis and the annealing rate. These factors alddn>" (d*) part of the octahedral cations exceeds the critical
determine the lattice constants and even the crystal systeialue 0.52
Thus NiMn,O, is cubic when prepared above about 1000 K The present experiment is an extension of our previous
and tetragonalwith c/a>1 when the synthesis takes place work! into the high-pressure regime. The aim has been to
at the lower temperature 473 K. In certain cases the crystatudy the structural stability of NiMi®, under high pres-
symmetry of spinels can give information about the valencysure. The tetragonal phase obtained by de Vidates? by
states present. The distortion of the cubic symmetry can beay of synthesis at 473 K in the system,Min;_,0O, does
detected for ions with octahedral coordination and electromot seem to be a direct transformation from the prototype
configurationd* or d°. Thus a possible tetragonal distortion cubic phase by just lowering the temperature. This tetragonal
can be used to identify these iohs. phase has a density of mass 6.6% lower than the density of
Recently, temperature-dependent magnetic, calorimetriche cubic phase, and therefore it cannot be supposed to form
and single-crystal x-ray-diffraction investigations of sto- at high pressure. However, the low-temperature studysf A
ichiometric NiMn,O, were reported by Sbrink et al! A brink et al® shows that the inversion parameter increases
phase transition of purely magnetic nature was established &pom 0.80 at room temperature to 0.87 at 115 K. The paral-
T.=145 K with the cubic crystal structure persisting below lelity between the effects of lowering the temperature and
T.. increasing the pressure suggests the possibility of further in-
Although both nickel and manganese ions can adopt morereasing the Mn occupation at the tetragonal sites by using
than one valence state, a detailed structure analysis suggestagh pressure, thereby inducing a transition to another tetrag-
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onal phase. The results of the present work will be discussed .., [
in view of the presence of the Jahn-Teller active*Mmat- a1
ions.

2800 |

EXPERIMENTAL PROCEDURE
1800 |

Counts

The NiMn,O, sample used in this work was obtained
from powdered single crystals. The latter were prepared by

prolonged heating of equimolar mixtures of NiO and J@g 800 |

in a sealed and evacuated silica tube, kept at the temperature
1323 K for 45 days and subsequently quenched in water.
This method provides the high-temperature modification of 10 0 - 0 =0 o 26
NiMn,O, with stoichiometric compositioh. E(keV)

X-ray powder-diffraction spectra were recorded using
synchrotron radiation and the white-beam energy-dispersive FIG. 1. Indexed energy-dispersive diffraction spectrum of te-
method. The experiments were performed at the Hamburgjagonal NiMnO, at 38.1 GPa; lattice constanas=8.35(10) and
Synchrotron Radiation Laboratoff{ASYLAB) using radia-  ¢=7-49(15) A; Bragg angl#=6.045°. The peak on the left-hand
tion in the 15—70 keV photon energy range from a bendingSide of the 311 reflection is due to fluorescence in the detector
magnet. The diffractometer, working in the energy- contact materia(Ag).
dispersive mode, has been described elsewhkligh pres-

sures in the range 0-60 GPa were obtained in a SyasseR(€ssure in Fig. 2. .
Holzapfel-type diamond-anvil cellThe sample and a small The experlmental p_ressure-volume data for the cubic spmel
ruby chip were enclosed in a small hole of diameter 0.1 mnfNiMn2O, are given in Table |. The data have been described
in an Inconel gasket. A 4:1 methanol:ethanol mixture was?y the Birch equation of stdt?am the pressure rang®
used as the pressure-transmitting medium. The pressure wasL1 GPa, thus avoiding possible problems with nonhydro-
determined by measuring the wavelength shift of the rubystatic pressures fd?>12 GPa. The equation of state can be
line and applying the nonlinear pressure scale of aal®  Written

The uncertainty in the pressure determination is estimated to P 3 3

be 0.1 GPa for pressures lower than 10 GPa. For higher — = (X'=xX5)| 1+ = (By—4)(x2—1) |,

pressures the uncertainty may be larger because of nonhy- Bo 2 4

drostatic conditions. The Bragg angle associated with eac
experimental run was deduced from a zero-pressure diffra
tion spectrum of rocksalfNaCl) with a known lattice con-
stant.

Q/hereXZao/a, a being the lattice constant at pressure
%nd a, the zero-pressure lattice constant. The parant&jer

is the bulk modulus an8, its pressure derivative, both pa-
rameters being evaluated at zero pressure. The scatter of the
data points did not allow the use Bf, as a fitting parameter.
RESULTS AND DISCUSSION Instead, it was assumed that the pressure derivative is 4.00,
which is a typical value for most solids. We obtaBy,

The cubic spinel NiMgO, belongs to the space group =206(4) GPa, where the estimated error within parenthesis

Fd3m. Previous determinations of the lattice constant in-
clude Larsonet al® 8.3961) A, Bouche? 8.40283), and 00
Renaultet al'® 8.400 A. More references can be found in '
Asbrink et al,! who have obtaine@,=8.379(1) A andV,
=588.27(2) & in their single-crystal study at 115 K. We
have useda,=8.390(15) A as determined from an situ
zero-pressure diffraction spectrum. New diffraction lines ap-
pear at pressures about 12 GPa indicating a structural phase
transformation. There is a considerable hysteresis in the
transformation, and upon decompression the sample does not<
revert to the cubic phase. Thus it has been possible to deter- i 80—

mine the lattice constants of the high-pressure phase at am- S A
bient conditions, as will be discussed below. - TR "

The diffraction spectra of the high-pressure phase have N A c
been indexed according to a tetragonal distortion of the fcc 75— A

unit cell; cf. Gerwardet al!! Inspection of the 311/113 dou-
blet indicates ac/a ratio less than one. In the tetragonal -
system the 311 line is about twice as strong as the 113 line,
mainly because of the multiplicity factor. Fofa<1 the 311 7.0 L | L ' ! |
line occurs at a lower energy than the 113 line, idyyq
>d43, in accordance with the observed diffraction spectrum
(Fig. 1). The lattice constard, of the cubic phase as wellas  FIG. 2. Lattice constants for the cubic phasg)(and the tetrag-
a andc of the tetragonal phase are shown as functions obnal phasda andc) as functions of pressure.

P(GPa)
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TABLE I. Compressibility data for cubic NiMD, for P with c/a<1 (present work is interesting. In the former
<11 GPa. A fit of the Birch equation of state to the experimentalphase the inversion parameter is assumed to be approxi-

data givesB,=206(4) GPa and,=4.00 (see text mately zero, and the tetragonal structure wifta>1 is a
result partly of the octahedral distortigalongation caused
P (GPa a; (A) by Mn®* acting as an octahedral Jahn-Teller ion, and partly
0.00(10) 8.39015) of the tetrahedral elongation caused by Nacting as a tet-
2.21(10) 8.36215) rahedral Jahn-TeIIer ion. Ir?.the present work we have not
2.91(10) 8.34911) b_een able to determine pos_ltlona_l parameters and we have no
3.41(10) 8.34612) dlregt e_wdenc_e of the cation dl_strlbutlon. However, some
4.7210) 8.32615) qqahtatlve estimates can be d_erlved from the results ®f A
: : brink et al,! where the inversion parameter was found to
6.0410 8.31515) increase with decreasing temperature. Thus we assume that,
6.9510) 8.31415) at sufficiently high pressure, the inversion parameter is ap-
8.68110) 8.28320)

proximately equal to one, and that the tetragonalitya(
10.9210) 8.25220) <1) is a result of the distortiofflattening caused by MA",
now acting as a tetrahedral Jahn-Teller ion. The*Mions

_ i are assumed to be formed by the superexchange interaction
is the standard error of the fit. To the best knowledge of the

authors there are no data in the literature to compare the Mn3* +Mng" —Mn3* +Mn3* .

present value with. It may be mentioned that the bulk modu- ) o ]

lus of the mineral spinel (MgAD,) is 196 GPa, i.e., about The proposed cation distribution is therefore given by the

the same value as the one found here for Nj®ip formula (Mn®*")[Mn3*Ni2*]0,. The observed hysteresis of
The tetragonal high-pressure phase does not revert to t{€ cubic to tetragonal transition can be explained by the

cubic phase upon decompression. The lattice constants §¥iStence of a potential energy barrier, hampering the elec-
ambient pressure are,=8.65(8) A andc,=7.88(15) A tron exchange between the Mn cations in the tetrahedral and

giving the unit-cell volumeV,=589.6(20) &. The latter octahedral sites. Thus the tetragonal phase can be quenched

value agrees with the corresponding value for the volume of® tmospheric pressure.
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