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X-ray photoelectron spectroscopy, magnetic measurements, and a single-crystal x-ray structure determina-
tion at normal pressure have shown that Jahn-Teller active manganese ions inQZrévi@ present in one
valence statélll ) on the octahedral sites of the spinel structure. The high-pressure behavior of@nivias
investigated up to 52 GPa using the energy-dispersive x-ray diffraction technique and synchrotron radiation.
The structural first-order phase transition from the body-centered to primitive-tetragonal cell takes place at
P.=23 GPa. The high-pressure phase is metastable down to normal pressucéa Taio reduces from 1.62
to 1.10 aboveP. and remains nearly pressure independent in the high-pressure phase. The transition is
attributed to the changes in electron configuration of thé Mans. According to the crystal field theory, the
e, electron of octahedrally coordinated Rinis either in thed? orbital or in thed,2_,2. In the first configu-
ration the MnQ octahedron will be elongated and this is the case at normal pressure, while the second
configuration gives the flattened octahedron. In the high-pressure phase some proportiogy, @l¢letrons of
the Mt ions is moved to thel,2_,2 level, which is revealed as an abrupt fall of observed magnitude of the
distortion of the bulk crystal above.. [S0163-182609)08341-1

. INTRODUCTION caused by the Jahn-TellédT) instability of Mr®* (d%), lo-
cated on théB sites of the oxygen sublatiéel! Zn?* with a
Mixed transition-metal oxides with spinel structure havefilled outermost electronic sheli'® is not JT active and has
been widely studied from various aspects, giving rise toa strong preference for tha sites. Between the spins of
much discussion, but two important and interrelated points ofMn®* ions, separated by the oxygen anions, various mag-
interest are still a subject of development. One is associategetic interactions have been suggested and their properties
with the magnetic, electronic, and transport phenomena anldave been a subject of several studies.
the other with the elastic properties of the Jahn-Teller active However, the reports on ZnM®, are rather confusing.
cation system. Early crystal structure and crystal chemistrBome authoré have claimed a Nal temperature at about
investigations, reported in the literature, e.g., Refs. 1-8, hav200 K, which is unusually high for a collinear spin array of
shown that the interesting properties of spinels are detethe Mr*" ions at the adjacent octahedral sites. In Ref. 13 a
mined by the cation valence and cation distributions betweehelical spin arrangement has been reported to disappear be-
the tetrahedralA) and octahedra(B) interstices of the cubic tween 48 and 80 K. A weak change in the slope of the curve
close-packed arrangement of the oxygen sublattice. In termshowing the temperature dependence of magnetic suscepti-
of crystal field theory, the electrostatic interactions of thebility x(T) in the interval 4.2-50 K was not conclusive
ligands strongly affect the electronic configuration of theeither!* Thermal difference analysis(DTA) has shown a
central metal ion and hence the properties of the material. phase transition at 230 or 271 K with strong metastability
The present work is a part of our systematic study ofeffects, but not related to any structural changes. These au-
high-pressure effects on the structure of the oxide spinelghors suggest that metastability phenomena could be the ori-
We have focused our interest on Znp, which at room  gin of discrepancy in the magnetic behavior. The effect of
temperature shows a normal cation distribution and is tettemperature on the structure of Znp@), has been studied
ragonally distortedt’/a’ =1.14, wherea’ andc’ refer to the by high-temperature powder x-ray diffractiohAt 1323 K a
face-centered pseudocubic cell wita’=8.087 A, ¢’ first-order phase transition to the cubic forAd-3m has
=9.245 A and the cell volum¥'.! The volumeV’ is twice  been observed. The structural model of the transition was
of that of the body-centered cél,/amd® The distortion is  based on two concommitant mechanisms: the randomiza-
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TABLE I. Details of single-crystal x-ray data collection and
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structure refinement at normal conditions.

Crystal data:

Crystal system

Space group

aA)

b (A)

V(A3

z

Density calc.(Mg/m°)
Absorption coeff.u (mm™1)

Data collection:

Tetragonal
14amd
5.72Q1)
9.2452)
302.483)
4
5.254
15.91

Radiation, wavelengtid)

Mo Kea, 0.71073

Monochromator Graphite
26 range(deg 96.5
Scan type wl26
Scan width(deg 1.1+0.25 tand
Index range h: =11, 0
ki —11, 11
I: 0, 19
No. reflections collected 3143
No. independent reflections 411
No. observed reflections 327
Decay of standard reflections Negligible
Refinement:
Refinement on F2

F, criterium
Corrections:
Lorentz ploarization
Absorption(empirica),
Tmin andTmax
Extinction (empirical as
in SHELXL93)
Ri.: (before; after absorption
Number of varied parameters
Final Ry
Final wR,
Goodness of fit
Min. and max. residualgA ~%)

[Fo|=20(F,)

0.20 and 0.56
x=0.0111),

0.044; 0.0286
10
0.024
0.050
1.003
—-1.5,1.7

tion of directions of the individual distorted octahedra at high
temperature and the change of concentration of the distorting
Mn3* ions at theB sites by the formation of Mt and Mrf*

ions.

The present high-pressure experiment was performed with
an intention to form the cubic phase of Znhp@y. We ex-
pected that by applying pressure we would force a change t& H = 1200 Oe
mixed-valence state of manganese ions. This should result i|§ 0.03f
reducing the amount of JT distorting Mnat theB sites, and
at some critical concentration of Mh, the crystal would
adopt the cubic symmetry. Recent studies on another man
ganese, NiMpO,, have disclosed that depending on tem-
perature and pressure conditions, the same cations may shao
different JT distorting properties related to their electronic
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FIG. 1. Mn 2p and 3 spectra of ZnMpO, at room tempera-
ture.

spinel structure. A low-temperature synthe@lg3 K) gave

the tetragonal structure witle/a>1® while in a high-
temperature synthesis the cubic form has been obtdinad.
high pressure, acting on the cubic phase, caused the tetrago-
nal distortion*® Therefore, before performing the high-
pressure diffraction studies on ZnMdy, we have prepared a
well-characterized sample by investigating valence state of
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state. These differences in the electronic structure are a rea- FIG. 2. Temperature dependence of the magnetic susceptibility
son for the appearance of different polymorphic forms of they(T) in an external field of 1200 Oe.
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TABLE Il. Atomic positional parameters and thermal displace-  TABLE lIl. Selected bond and interatomic distandesA) and

ment amplitudes) s, (A?). bond anglegin degrees

Atom Site X y z Uso DistancesA) Angles(deg

Zn 4(a) 0 0.75 0.125 0.0102) Zn-0 1.9831) 4X 0-Zn-O 111.776) 4X

Mn 8(d) 0 0.5 0.5 0.0118) Mn-O 1.9251) 4X 0O-Zn-O 104.969) 2X

O 16(h) 0 0.025@2) 0.25562) 0.01446) Mn-O 2.2641) 2X O-Mn-O 18Q00) 3X
Mn-Mn_, 1y 2.8600) 2X O-Mn-O 83.946) 2x
MN-Mny-y 3a4x14+2 3.0741) 4X O-Mn-O 85.766) 4X

the metal ions, the magnetic properties, and the x-ray single- O-Mn-O  94.246) 4x

crystal structure. O-Mn-O  96.066) 2x

Il. EXPERIMENT

using the procedure given in the structure solution program

The single crystals were grown from stoichiometric systemsHELXL'90. High pressures in the range 0-58 GPa
amounts of ZnO and Mngsintered at 1173 K in evacuated were obtained in a Syassen-Holzapfel-type diamond-anvil
silica tube. After 5 days the tube was quenched. The compazell. The sample and the ruby chip were inserted in a hole of
sition was analyzed by x-ray diffraction in a Guinier camera.diameter 0.2 mm in an Inconel gasket. A mixture of metha-
X-ray photoelectron spectroscof¥PS) measurements were nol and ethanol4:1) was used as the pressure transmitting
carried out with PHI 5700/660, a Physical Electronics specmedium. The pressure was determined by the wavelength
trometer, to investigate the cation valence using monochroshift of the ruby red line using the nonlinear pressure stale.
mated AlKea radiation. The spectra of photoelectrons as aThe Bragg angle was calculated from a zero-pressure diffrac-
function of their kinetic energy were analyzed by a hemi-tion spectrum of NaCl in the diamond-anvil cell. The x-ray
spherical mirror analyzer with an energy resolution of aboupowder diffraction spectra have been obtained using syn-
0.3 eV. The samples were broken under high-vacuum condehrotron radiation and the white-beam energy dispersive
tions, in the low 10'°Torr range, to obtain a fresh surface. method at the Hamburg Synchrotron Radiation Laboratory,
The carbon C § binding energy(284.7 eV} was used for HASYLAB, Hamburg, Germany.
calibration. The electron-microscopic observations con-

firmed a good quality of the single crystal. The magnetic 3000 , , , ,
susceptibility was measured using a Faraday magnetometer 121 70N 0
in an external fields of 1200 Oe over a temperature interval 26001~ ousi7 cpa ]
4.2-600 K. Single-crystal x-ray diffraction data for structure 2900 0=4.753° y

determination at normal conditions were measured with a
Kuma KM-4 diffractometer, using the conditions given in 1800\ -
Table I. Thirty-eight reflections with /< #<<18° were used £
in the least-squares calculation of the unit cell constants and §’4°°‘ ]
which hereafter refer to thiel, /amdspace group. The crys- 10001 202
tal stability and orientation were monitored by periodically
checking the intensities of three standard reflections. The raw 600 101
intensities were corrected for Lorentz-polarization effects .
and the absorption was evaluated with thescan scheme, 2001
|
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FIG. 3. Crystal structure of ZnMi,. The origin of the unit cell FIG. 4. Synchrotron x-ray powder diffraction data takenPat

is at the center (24) of the space group4,/amd ~0 and 51.7 GPa, respectively.
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lIl. RESULTS AND DISCUSSION on a spin contribution of M#" with four unpared spins in

The spectroscopy of electron core levels gives direct inth€ high-spin configurationus=Jn(n+2)=4.9 (see, e.g.,

formation on the valence ofdBcations. XPS spectra corre- tFEgr.l %:Z'”J;;'i ginvilrudeerﬁ gogz'f’t\g;t ;valltrTiearl gﬁg'ggﬁ;_é?;her
sponding to the binding energies of the Mn core levats 2 . ’ o

- . - - m temperature is isostruc-
and 3 are shown in Figs. (8 and Xb), respectively. The x-ray single-crystal structure at roo P

. ) . tural with hausmannite, My®,.2* Atomic positional and
Mn 2p spectrum displays ap, and 2y, Spin-orbit dou- o g displacement parameters are given in Table Il. The

blet at 641.2 and 652.7 eV. The separation of the two signalscture with the tetrahedral and octahedral voids of the
is 11.5 eV. A detailed analysis of shape of the Mps2  oxygen sublattice, centered by Znand Mr*, respectively,
sublevel suggests that the splitting of the signal may be cong shown in Fig. 3. It should be noted that a distortion of the
nected with the superexchange process between th€ Mnstrycture is revealed mainly on tfBesites. The Mn@ octa-
ions on the octahedral sites. A similar effect was recentlyhedra are elongated with four shq@ft.9251) A] and two
reported in Heusler alloy®. The narrow signals with full long [2.2641) A] Mn-O distancegTable Ill). Such a distor-
width at half maximum(FWHM) of about 2—-2.5 eV are tion is typical of Mr?* acting as a JT ion operating on the
characteristic of manganese ions in one only oxidatioroctahedral sitésee, e.g., Refs. 25 and 26he tetrahedral
state?>?? There is no indication of divalent and tetravalent environment of ZA* is more symmetric with four identical
manganese ions. Zn-0O distances, and only the bond angles deviate from the
The temperature dependence of the magnetic susceptibil09.47° value found in the regular tetrahedron. In order to
ity x(T) is shown in Fig. 2. From the stright-line approxi- check the site occupation, in one of the refinement models a
mation consistent with the Curie-Weiss law at the high-partial occupation of the metal positions has been assumed in
temperature range, the values of the Curie consEaartd the  proportions 90%:10% for Zn/Mn in tha site and for Mn/Zn
paramagnetic Curie temperatufeavere obtained. The nega- in the B site. The refinement was not stable, however, and
tive value of6 points to antiferromagnetic interactions below had to be abandoned.
the Nesl temperatureTy=21.5K. The effective magnetic Summarizing the studies described above, it can be stated
moment we=4.9ug/Mn evaluated from the experimental that the spin ordering takes place beldy=21.5K and the
data is in good agreement with the magnetic moment basesample is free from the mixed-valence states of the manga-
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FIG. 7. Unit cell volume vs pressure.
FIG. 6. Unit cell parameters of ZnM®, as functions of pres-
sure. The inset shows the pressure dependence of the tetragonal IV. CONCLUSIONS
deformationc/a.
In 3d transition-metal ions, the five orbitals are split by

nese cations; thus, the initial ionic configuration is&" octahedral ligand field into a lower triplgagg, with
dyy.dy,,dy, levels, and an upper doublet;, with dy2_2

Zn?*[Mn%*1,0,. The single-crystal structure of the low- “xy:“yz: _ .
pressure phase with the space grodp/amd shows a te- and d,.. Crystal field theory, together with the Jahn-Teller

tragonal distortion withc/a=1.62. The crystals character- theorem, implies that the symmetric coordination of ligands

ized in this way were subsequently used in the high-pressu rounq the central ion vynh orbitally degenerate eIeptron con-
experiment. igurations ofd states is unstable. To remove this degen-

High-pressure diagrams were recorded up to 58 GPa. Tw racy, the ions distort their coordination polyhedron and, at

examples are shown in Fig. 4, corresponding to low pressur de4 sarg.? }'me' statk_nllzefthl\jﬁiysteén.ﬂ']l'akmtg kntg af:?puntdthe
at ~0 and high pressure at 51.7 GPa, respectively. The orbital properties o an € octahedral ligan

differ in a number of peaks, suggesting a phase transitio _ield symmetry, we have initially assumed that the high pres-
’ ure will increase the orbital degeneracy and the high-spin

From the change of interplanar spacings as a function ordre :
pressure(Fig. 5) the transition pressure on uploading WasconﬁguraﬂontzgmTegT .\.NOUId turn un.s.table. The system
P.=23GPa. Upon decompression the new phase appear uld then_ tend to stabilize by spin palrlng_correspondw_\g to
metastable down to normal conditions. The pattern recordeH1e low-spin Statetﬁgmﬁ)' The JT distortion should .d's'

at 51.7 GPa has been indexed according to the primitiv@ppear' and a cubic crystal symmetry shquld b? obtained. It
tetragonal cell. The pressure dependence of the unit cell coﬁL—‘me‘?1 out,bhowevedr, thzt ?Ithough 1 ratio of L"gh pres-h
stants and the/a ratio (Fig. 6) exhibit a slightly anisotropic  Suré has been reduced from 1.62 to 1.10, the new phase
character of the compression, corresponding to the deform (_emalr_]ed tetragpnal. An explanat!on of th|s re;ult cogld be
tion tendency of the Mn@octahedra due to the JT effect. ound if we consider they electron in the high-spin configu-

The magnitude of the tetragonal distortion has been reduce@tion- The JT theory cannot differentiate betweendpe 2
from 1.62 at ambient pressure to 1.10 abd¥e It is re- and d,2 levels as the most stable in a distorted octahedra

markable that the contraction takes place mainly beRyw

and there is no substantial compression of the high-pressure dn
phase up to the maximum pressure.

The experimental pressure-volume dday. 7) have been e &
described by Birch equation of stafén the pressure range dor s

P<12 GPa, thus avoiding possible problems with nonhydro-
static pressures above 12 GPa. The equation of state can be ;«

; Gain i o
written as in in energy. €

E=§(x7—x5) 1+ §(B’—4)(x2—1) D
By 2 470 ’

a) egelectrongoestod;; = elongated octahedron
b) e, electron goes to dy2,2 = flattened octahedron

wherex=(V,/V)¥3, V is the unit cell volume at pressufe ez Mn®
2. Mn

andV, is the zero-pressure volumByg is the bulk modulus

and By its pressure derivative, both evaluated at zero pres- giG. 8. Two types of Jahn-Teller distortions of tt&ions in the
sure. The bulk moduluB,, obtained from a fit of of Eq(1)  octahedral ligand-field: (a) singlee, electron goes to the,. shell
to the data shown in Fig. 7 is 16 GPa. The pressure causing an elongation of the octahedron, @hythe e, electron
derivative has been constrained to 4.0. goes to thed,2_,2, leading to a flattening of the octahedron.
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(Fig. 8. Case(a) gives an axially elongated octahedron, andpressure of about 50 GPa, Znh®), remains tetragonal. The
this is, to the best of our knowledge, the only observed disgompressibility of the unit cell above, is almost pressure
tortion in components with Mt in an octahedral coordina- independent. Since/a is close to unity, it can be inferred

tion at normal pressure. Cade), which theoretically is  that in the bulk crystal the octahedral sites are occupied by
equally probable, gives a compressed octahedron. The Obsg \r+ cations forming six nearly equivalent bonds. It is
%herefore likely that the high-pressure structure consists of
two types of individually distorted octahedra: one with the
configuration MA*[Mn3*1,0,). based on the observed unit €y electron on thed,2 level (the elongated octahedrand

cell deformation, showed that axially distorted #roctahe- anhoetgtra; tXf: Wr'g:gu?g ;?Zggz&ygéeéﬂz(:ﬁee é?:f;ri?ag; of
dra sites became more regular at the pressure of about fB ! P g . . S

GPa? For higher pressures this configuration turned un-n€ first type MA™ ions is still dominating. The strongly
stable, however, and the subsequent transition led to aiiyst-order character of the transition indicates an electronic
orthorhombic phase. Unlike M@®,, up to the maximum ©rigin of the pressure effect on Zni@.

distorting properties of MfT. The structural modeling of the
high-pressure behavior of tetragonal spinel J&@p (ionic
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