pubs.acs.org/IC

Inorganic Chemistry-——-=

Formation of ZnO, Tetrahedra and ZnO, Octahedra in TeZnO;
Synthesized under High Pressure

Jianhong Dai,_}_’i. Xudong Sh.en,_}_’i Zhehong )Liu,_l_’i Qing Zhao, " Xiao Wang,m- Chen§ Dong,w
Yuecheng Bian,§ Wei Ding,§ Zhigao Sheng,§ Masaki Azuma,|| and Youwen Long*’T’

TBeijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190,
China

*School of Physics, University of Chinese Academy of Sciences, Beijing 100049, China

SAnhui Key Laboratory of Condensed Matter Physics at Extreme Conditions, High Magnetic Field Laboratory, Chinese Academy of
Sciences, Hefei 230031, P. R. China

ILaboratory for Materials and Structures, Tokyo Institute of Technology, 4259 Nagatsuta, Midori, Yokohama 226-8503, Japan

ABSTRACT: A new TeZnO; phase was synthesized by high-pressure
techniques. Different from the ambient-pressure orthorhombic phase
composed of ZnOj units, the current high-pressure one crystallizes to a
monoclinic structure with space group P2,/n. Moreover, both ZnO,
tetrahedral and ZnOg octahedral polyhedra are found to occur in this new
phase, providing a unique Zn-based material system that simultaneously
possesses two distinct coordinated units. Because the outermost orbitals are
fully occupied for both Zn** and Te*, the compound exhibits diamagnetism
and strong insulating behavior with a wide bandgap as large as 6.0 eV. :
Dielectric constant and specific heat measurements show a broad anomaly SN T

around 240 K. Low-temperature synchrotron X-ray diffraction reveals an -2 ]‘0 2I0 36 4|0
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isostructural phase transition at this temperature.

I. INTRODUCTION

ABQ; perovskites exhibit very flexible structural behaviors and a
wide variety of interesting physical properties because of the
versatile A—B ionic and charge combinations, where the A site
is usually occupied by alkaline, alkaline earth, or rare earth
metals with a larger ionic radius to sustain the crystal
construction, whereas transition metals often accommodate
the B site that dominates the electronic properties of the
compounds.' > Compared with the A**B* Os;-type and
A*B**O;-type charge formats, the amount of perovskite with
A*B*Oj-type charge combination is very rare."* To date,
only a few compounds such as PbNiO; and the chalcogen
family of Ch**M>*O; (Ch = Se or Te; M = Mg, Mn, Co, Ni, or
Cu) are found to crystallize in this kind of charge format.”~ '
Because of the smaller size of Se** and Te*" ions, the M—O—M
bonding in Ch*"M*"O, perovskites is heavily bent so that the
bond angles are as small as 120—130°. This value is located at
the phase boundary of the Goodenough—Kanamori (GK) rules
that are frequently used to evaluate ferromagnetic or
antiferromagnetic superexchange interactions in 3d transition-
metal oxides based on the B—O—B bond angles.”’18 Therefore,
members of the ChMO; family such as SeCuO; and TeCuO,
are regarded as prototype material systems for examining the
validity of the GK rules. For example, with the Te
concentration (x) increasing from 0 to 1, the solid solution
of Se, ,Te,CuO; gradually changes from ferromagnetism to
antiferromagnetism accompanied by an average Cu—O—Cu
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bond angle variation from 121.8° to 130.0°."”*° Moreover,
considerable magnetodielectric effects arising from spin
fluctuations are also found to occur in Se/TeCuO,.*'

Because of the strong octahedral distortions in Ch*"M**O,,
high pressure (2—8 GPa) is necessary to stabilize the perovskite
structure during the synthesis. As far as the end member of the
3d transition-metal Zn is concerned, the SeZnOj; perovskite
was successfully prepared under 4.5 GPa and 1023 K. However,
there is no report for the high-pressure synthesis for TeZnO;.
Instead, a TeZnOj; single crystal is grown at ambient
pressure.””*> As shown in Figure 2a, different from the BOjg
octahedral coordination in perovskite, the ambient-pressure
synthesized TeZnO; (AP-TZO) possesses unusual ZnOj
polyhedral units with the Zn—O bond lengths changing from
1.96 to 2.27 A (see Table 1). In general, ZnX, (X stands for a
coordinated atom) tetrahedra are often found to occur in most
Zn-based compounds such as sphalerite ZnS, wurtzite ZnO,
spinel (Al/Fe),Zn0,, etc.”*™*° In addition, in A,BB’Oj-type
double perovskites, the Zn** can also be introduced into the B
site to form ZnOg octahedra as observed in La,ZnlrQOq,
Ba,ZnlrO¢, and Sr,ZnIrO4”’~*° Until now, in the zinc
compounds, ZnX, tetrahedra and ZnXy octahedra have not
been found to coexist.
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Table 1. Refined Structural Parameters of the Newly Synthesized HP-TZO and Those of the AP-TZO Reported in ref 23

AP-TZO HP-TZO

space group Pbca P2,/n

lattice constants (A) a=736 b = 6.38 c=1232 a = 12.9707(1) b = 5.2966(1) ¢ =7.9087(1)

angles (deg) a =90 p =90 7y =90 a=90 B =99.813(0) 7y =90

AP-TZO HP-TZO
X y zZ 9 y z

Te(1) 0.062(7) 0.092(6) 0.143(5) 0.2921(1) 0.2679(3) 0.9504(1)
Te(2) - - - 0.5797(1) 0.7820(3) 0.4620(2)
Zn(1) 0.109(7) 0.121(8) 0.409(5) 0.3359(1) 0.7458(7) 0.1779(2)
Zn(2) - - - 0.5242(1) 0.2809(6) 0.1622(2)
o(1) 0.472(8) 0.199(3) 0.224(6) 0.3951(9) 0.0852(2) 0.1006(15)
0(2) 0.039(0) 0.342(9) 0.067(1) 0.6161(10) 0.4416(18) 0.0162(16)
0(3) 0.156(3) 0.473(9) 0.409(7) 0.2313(8) 0.4128(18) 0.1352(14)
o(4) - - - 0.4844(8) 0.5699(18) 0.3166(13)
0o(s) - - - 0.2023(9) 0.9079(18) 0.9827(15)
0o(6) - - - 0.3944(8) 0.0017(18) 0.7087(14)
Te(1)-0 (A) 1.86, 1.88, 1.89, 2.71 1.895, 1.933, 1.936, 2.271, 2.816
Te(2)-0 (A) - 1.845, 1.866, 1.904, 2.727, 2.780
Zn(1)-0 (A) 1.96, 2.00, 2.02, 2.11, 2.27 2.041, 2.087, 2.014, 2.215, 2.251, 2.282
Zn(2)-0 (A) - 1.958, 1.987, 2.007, 2.077, 2.566

In this paper, a new TeZnO; phase prepared under high
pressure (HP-TZO) is obtained. In sharp contrast to the AP-
TZO phase, the high-pressure one is built from ZnO, and
ZnOyg units, providing the first example of a zinc compound
that simultaneously includes ZnO, tetrahedral and ZnOyq
octahedral coordination polyhedra. This oxide shows diamag-
netic behavior with a wide insulating energy gap of ~6.0 eV.
The dielectric constant and specific heat experience a
broadening anomaly around 240 K, suggesting an isostructural
variation as illustrated by low-temperature X-ray diffraction.

Il. EXPERIMENTAL DETAILS

Polycrystalline HP-TZO was prepared using stoichiometric ZnO (Alfa,
99.9%) and TeO, (Alfa, 99.9%) as starting materials. The reactants
were finely mixed in an agate mortar and then sealed into a gold
capsule that was 4.2 mm in diameter and 5.0 mm in height. The
capsule was treated at 5 GPa and 1023 K for 40 min on a cubic-anvil-
type high-pressure apparatus. At the completion of heating, the
reaction was quenched to ambient conditions, and then a pale green
bulk was obtained.

High-resolution synchrotron X-ray diffraction (SXRD) was
performed at beamline BLO2B2 of SPring-8 at different temperatures.
The wavelengths we used were 0.773 A at room temperature and
0.421 A at lower temperatures. The crystal structure of HP-TZO was
determined by the direct method using the EXPO2014 program.’'
The detailed crystal structure was then refined by the Rietveld method
through the GSAS program.*” Magnetic susceptibility and magnet-
ization were measured using a superconducting quantum interference
device magnetometer (Quantum Design, VSM-7T). The temperature
dependence of magnetic susceptibility data was collected at 0.1 T and
2—300 K. The field dependence of magnetization was measured at 2,
50, and 300 K between —1 and 1 T. An ultraviolet—visible—near-
infrared spectrophotometer (UV—vis—NIR, Cary-SE) was used to
explore the optical spectrum of the polycrystalline HP-TZO bulk. The
dielectric constant was measured on a pellet that was 3.2 mm in
diameter and 0.24 mm in height using an Agilent E4980A Precision
LCR Meter at different frequencies. An alternating voltage of 1.0 V was
applied to produce inductive charge. Specific heat data were collected
on a physical property measurement system (Quantum Design,
PPMS-9T).

6717

lll. RESULTS AND DISCUSSION

Figure 1 shows the SXRD pattern of HP-TZO measured at
room temperature. The EXPO2014 program was used for the
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Figure 1. Synchrotron X-ray diffraction pattern of HP-TZO measured
at room temperature. Observed (black circles), calculated (red line),
and difference (blue line) profiles are shown together with the allowed
Bragg reflections (ticks) in the P2,/n space group.

crystal structure determination. The first 25 peaks were used by
N-TREOR for the indexing, and a satisfactory indexing result
(M, = 34) was obtained with a monoclinic cell (a = 12.971 A,
b =52963 A, ¢ =79091 A, and f§ = 99.82°). The space group
derived from the extinction rules is P2,/n (No. 14), and the
preliminary atomic positions are determined by direct methods.
Furthermore, according to these results, the Rietveld refine-
ment gives desirable resolution for the detailed structural
parameters with the following satisfactory factors: R,,, = 3.60%,
R, = 2.76%, and 1> = 1.2. Table 1 lists the refined structural
parameters for HP-TZO as well as those reported for AP-TZO
in ref 23. By comparison, the usage of high-pressure synthesis
conditions changes the crystal symmetry from orthorhombic
Pbca at ambient pressure to monoclinic P2,/n, giving rise to a
sharp decrease in unit cell volume per formula of ~7.5%. The
uniform Te and Zn sites in Pbca separate into two distinct ones
in P2,/n, which accompanies the reduction in symmetry. Figure
2a shows the schematic crystal structure of AP-TZO. Each Te is
coordinated by three nearest neighbor O atoms with the Te—O
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Figure 2. (a) Schematic crystal structure of AP-TZO. ZnOj polyhedra are colored magenta. (b) Corner-sharing TeO5 and TeO, polymerization
units in HP-TZO at the Te2 and Tel sites, respectively. (c) Schematic crystal structure of HP-TZO composed of ZnOg octahedral (yellow) and

ZnO, tetrahedral (green) units at the Znl and Zn2 sites, respectively.

distance changing from 1.86 to 1.89 A, while each Zn is
coordinated by five O atoms with the Zn—O distance changing
from 1.96 to 2.27 A. Therefore, ZnOj polyhedra are formed in
AP-TZO. On the other hand, in HP-TZO, the three shortest
Te2—O distances (1.845—1.904 A) are also found at the Te2
site, whereas the Tel site can be regarded as four-coordinated
O atoms with three shorter Tel—O bond lengths from 1.895 to
1.936 A and one longer bond length of 2.271 A (see Table 1
and Figure 2b).”> On the basis of the theory of band valence
sum, the valence sate is calculated to be +3.95 for Tel and
+3.99 for Te2. Both are very close to the nominal +4 state.”* As
far as the coordination of Zn is concerned in HP-TZO, it
exhibits essential differences compared to that of AP-TZO. As
presented in Table 1, there are six shortest Zn1—O bond
lengths (2.041—2.282 A), forming a ZnOg octahedron at the
Zn1 site. In contrast, the coordinated number of Zn2 is reduced
to 4 because the fifth shortest Zn2—O distance (2.566 A) is
much longer than the four shortest ones (1.958—2.077 A).
Therefore, a ZnO, tetrahedron is formed at the Zn2 site, as
shown in Figure 2c. Moreover, the bond valence sum
calculations give an average valence state of Zn of +1.83
(+1.88 for Zn1 and +1.78 for Zn2), agreeing with the expected
+2 state. These results indicate that the current HP-TZO forms
a new structure that is essentially different from that of AP-
TZO as well as the octahedral corner-sharing perovskite. As
shown in Figure 2¢, in HP-TZO, each ZnOg unit connects with
two neighboring ZnOg4 and three ZnO, units by sharing
corners, giving rise to the occurrence of a dangling O atom
without linking with any other polyhedra. For each ZnO, unit,
it is also corner-sharing with three neighboring ZnOg octahedra
and leaves a dangling O atom.

Figure 3a shows the temperature dependence of magnetic
susceptibility of the HP-TZO measured at 0.1 T with zero-field
cooling (ZFC) and field cooling (FC) modes. Apparently, the
ZFC and FC susceptibility curves overlap completely. More-
over, both show negative susceptibility values in 4—300 K,
indicating the presence of diamagnetic behavior, as confirmed
by the magnetization measurements shown in the inset of
Figure 3a.”” This is consistent with the Te* (4d'°5s*) and Zn?*
(3d"°) valence states mentioned above. As expected from the
Landau diamagnetic theory, the magnitude of susceptibility is
nearly temperature independent above 50 K in the current HP-
TZO. Note that the slightly positive susceptibility values
observed below 4 K should be attributed to a tiny undiscernable
impurities which may exist in the starting materials. Since the
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Figure 3. (a) Temperature dependence of the magnetic susceptibility
of HP-TZO measured at 0.1 T. The inset shows the magnetization
measured at 2, 50, and 300 K. (b) Tauc plot of the optical spectrum
for HP-TeZnO; measured at room temperature.

outmost orbitals for both Te*" and Zn*' are fully occupied,
strong electrical insulating behavior is expected to find in the
HP-TZO. Figure 3b shows the Tauc plot of the optical
spectrum measured at room temperature. With the fitting result
based on the equation (ahv)* = A(hv — Eg),36 it is found that
the HP-TZO has a wide energy gap as large as 6.0 eV, which is
well consistent with the electronic configurations of Te*" and
Zn™.

The strong insulating feature of HP-TZO allows us to
characterize the intrinsic dielectric properties. Figure 4a
presents the temperature dependence of the relative dielectric
constant measured in 2—300 K at different frequencies. The
dielectric constant gradually increases with increasing temper-
ature and experiences a broad anomaly near 240 K at 1 kHz.
Moreover, this anomaly shifts toward higher temperatures
when the measurement frequency increases. Because the
dielectric loss we obtained is <0.6% in the whole temperature
region, the dielectric anomaly may suggest an intrinsic variation
in HP-TZO. The specific heat (Cp) as a function of
temperature is thus measured. Corresponding to the dielectric
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Figure 4. Temperature dependence of (a) relative dielectric constant
&, measured at different frequencies and (b) specific heat C, for HP-
TZO. The inset shows the fitting result for a specific heat below 24 K
using the function Cp/ T = aT>

change, a wide hump is also observed in C, near 240 K, as
shown in Figure 4b. At low temperatures (<24 K), the specific
heat data can be well fitted based on the Debye mode. The
inset of Figure 4b shows the fitting result using the function C,/
T = aT?, yielding a coefficient a of 0.37 + 0.07 mJ mol™* K™*.
According to the a value, the Debye temperature of HP-TZO is
calculated to be 174.5 K, which is comparable with those
obtained in many other ABO, perovskite oxides.”” Note that,
although the stereochemical effects of the Ss* lone-pair
electrons in Te* ions can induce a ferroelectric phase
transition,”®* this possibility is ruled out in HP-ZTO by the
pyroelectric current measurement (not shown here). In the
temperature window we measured (2—300 K), there is not any
trace of electric polarization.

To clarify the origin for the phase transition occurring
around 240 K, low-temperature SXRD was performed on HP-
TZO. Figure Sa shows some representative SXRD patterns at
different temperatures. Obviously, all the peaks systematically
shift toward larger angles on cooling because of volume
contraction (for clarity, see the inset of Figure Sa). It means
that there is no crystal symmetry change as the temperature
decreases to 160 K. However, when the normalized structural
parameters are plotted as a function of temperature (Figure
Sb), one finds remarkable variations in the lattice parameters
and unit cell volume around 240 K, while intersection angle
between the a- and c-axes smoothly crosses the transition
temperature. These results reveal that an isostructural phase
transition takes place in HP-TZO near 240 K, which is
responsible for the variations observed in the dielectric constant
and heat capacity. In spite of the unchanged macroscopic
crystal symmetry (P2,/n), some underlying polyhedral
distortions can trigger the isostructural phase transition.

IV. CONCLUSION

In summary, we succeeded in synthesizing a new phase of
TeZnO; under high pressure with Zn*" and Te*" charge states.
Using high-resolution synchrotron X-ray diffraction technology,
the crystal structure of HP-TZO has been determined.
Different from the orthorhombic ambient-pressure phase that
is built from ZnOy units, the high-pressure phase crystallizes to
monoclinic symmetry with space group P2,/n, where both
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Figure S. (a) Representative low-temperature synchrotron X-ray
diffraction patterns of HP-TZO recorded at different temperatures.
The inset shows a magnified view of the systematical shift of the
diffraction peaks. (b) Normalized structural parameters (Para.) as a
function of temperature. Para; stands for the parameters obtained at
280 K.

ZnO, tetrahedra and ZnOg octahedra are found to occur
simultaneously. Because of the fully occupied orbitals for both
Te* (4d'°5s%) and Zn** (3d'°), HP-TZO shows Landau
diamagnetic behavior with nearly constant negative suscepti-
bility above SO K. The ultraviolet spectroscopy study gives a
wide energy gap as large as 6.0 eV, revealing the strong
insulating feature. Although Ss” lone-pair electrons exist in Te*"
ions, no electric polarization is observed in the range of 2—300
K. The dielectric and specific heat measurements both show an
anomaly near 240 K. Furthermore, low-temperature SXRD
reveals an isostructural phase transition taking place around this
critical temperature, where the macroscopic crystal symmetry is
unchanged but the normalized lattice parameters and unit cell
volume experience remarkable variations.
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