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The high pressure induced phase transition in bulk ZngggMngg,0 at ambient temperature have been
investigated using angular-dispersive X-ray diffraction (ADXRD) under high pressure up to around
13.80 GPa. For loading run, in situ ADXRD measurements found that a wiirtzite-to-rocksalt structural
phase transition pressure of bulk Zng 9gMng 0,0 began at 7.35 GPa. The fitting of volume compression data
to the third-order Birch-Murnaghan equation of state yielded that the zero-pressure isothermal bulk
moduli and the first-pressure derivatives were 157(8) GPa and 8(3) for the B4 phase, respectively. When
decompress bulk Zng ggMng o0 to ambient pressure a large part of the bulk Zng 9gMng ,0 reverted to the
B4 phase and only a small amount of the metastable B1 phase remained. We have exhibits the pressure
dependence of lattice constant a and c axis, and the normalized ratio c/a of the bulk Zng ogMng o,0. Pos-
sible pressure-induced phase transition mechanisms were explored by examining the cell parameters
and the internal structural parameter (u) with pressures. The effect of the 3d electrons of manganese
to increase the nearest-neighbor distance of O to Zn (Mn) parallel to the c axis may be the main reason
for the phase transition of bulk Zng ogMng o20. An increase in the u value with pressure indicates that the
B4-to-B1 phase transformation in bulk Znp9gMng 0,0 is likely via the hexagonal path.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Zinc oxide (ZnO) based ternary compound semiconductors have
been attracting extensive research interest over the last decade
due to their versatile applications in opto-electronic devices as
well as in magnetically active quantum semiconductor structures
associated with spintronics. For instance, non-magnetic ions doped
ZnO, such as Zn;_yMg,0 and Zn;_,Cd,O, has been demonstrated to
be capable of tuning both the band gap and the lattice constant
which might be significant for opto-electronic applications [1].
On the other hand, the diluted magnetic semiconductors (DMSs)
made of Zn,_,TM,O (TM = transition metals) exhibiting room-tem-
perature ferromagnetism (RTFM) undoubtedly will play very
important role in the studies of basic physical properties such as
the spin transport and dynamics [2-6]. Among the entire family
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of transition metals (Sc — Cu), manganese-doping has received
most attention owing to its matched crystal ionic radii with Zn?*
(Mn?*=0.91A and Zn**=0.83 A)” and large magnetic moment
(§=5/2, L=0). However, depending on the detailed process condi-
tions, substantial discrepancies in the observed RTFM exist in var-
ious Zn;_,Mn,O systems (x=0.01-0.08) [7-11]. As a result,
detailed investigation on the effect of the 3d electrons of manga-
nese to the Zn-0 bonding, especially the nearest-neighbor distance
of O to Zn (Mn), is important as it may shed some light for resolv-
ing the discrepancies.

Pioneering experimental works carried out by Bates et al. [12]
proposed that bulk ZnO went through a structural phase transition
from wiirtzite (B4) to rocksalt (B1) phase under high pressure at
ambient temperature. Recently, it has been well-established
that the pressure at which the B4-to-B1 phase transition takes
place is around 8.7-10.0 GPa with a volume change (AV/V) of
16.7-18.13% [12-17]. Table 1 summaries the starting and complet-
ing pressures of the B4-to-B1 phase transition for bulk ZnO probed
by various methods. These results are in line with predictions
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Table 1
The starting and completing pressures of the wiirtzite to rocksalt phase transition and the probing methods of bulk ZnO under high pressure.
Starting pressure (GPa) Completing pressure (GPa) Two phases coexist pressure range (GPa) Method?
9.5 XRD [12]
9.0 9.6 0.6 EDXRD [15]
10.0 15.0 5.0 EDXRD [16]
9.1 9.6 0.5 EDXRD [17]
9.9 EDXRD [37]
8.7 X-ray and Mdssbauer spectroscopy [14]
8.8 12.8 4.0 ADXRD [38]
9.3 11.7 24 ADXRD [39]

2 XRD and EDXRD indicate X-ray diffraction and angular-dispersive X-ray diffraction, respectively.

given by various theoretical calculations [18-22]. For instance, the
linear combination of Gaussian-type orbitals Hartree-Fock [18]
predicted a B4-to-B1 phase transition at 8.57 GPa, whereas the
full-potential linear muffin-tin orbital approach to density-func-
tional theory within the local-density and generalized gradient
approximation [22] and the atomistic calculations based on an in-
ter-atomic pair potential within the shell-model approach [23]
predicted the pressures for the same phase transition were 8.0
and 10.45 GPa, respectively. As a result, a reference point of
9.4 +0.7 GPa is taken as the B4-to-B1 phase transition pressure
of bulk ZnO.

On the other hand, the path by which the B4-to-B1 phase tran-
sition takes place in bulk ZnO is still in debate. Saitta and Decremps
[23] suggested that the B4 phase is converted to the B1 phase via a
tetragonal path, whereas the hexagonal path model was consid-
ered to be preferable by Limpijumnong and Jungthawan [24]. The
relative position of the oxygen and zinc sublattices along the c-axis
(i.e., the internal structural parameter u) and the axial ratio (c/a,
where c and a are cell parameters) are different in the two pro-
posed models. For the hexagonal path, the values of parameters
u and c/a first changes continuously from u = 0.375 and c/a=1.61
to u=0.5 and c/a = 1.29, respectively. Then the y angle of the hexa-
gon was increased from 60° to 90° during B4-to-B1 phase transi-
tion. For the tetragonal path, model has shown that the values of
parameters c/a and y first changes continuously from c/a=1.61
and y=60° to c/a=1.74 and 7y=90°, respectively. Then the u
parameter is increased from u =0.375 to u = 0.5 during the B4-to-
B1 phase transition. Moreover, each oxygen (zinc) atom also lo-
cates differently in the hexagonal and tetragonal path models.
Namely, the oxygen (zinc) atom locates at the center of the equilat-
eral triangle formed by three zinc (oxygen) atoms in the former
model, while they are locating at the body center of the square pyr-
amid formed by five zinc (oxygen) atoms in the latter case.

In addition to the results obtained from pure ZnO bulks, some
important results of the pressure-induced phase transition for
Zn;_,Mn,O ternary compounds have also been reported. Wang
et al. [25] used the energy-dispersive X-ray diffraction (EDXRD)
method to demonstrate a significant change in the B4-to-B1 phase
transition pressure in Mn-doped ZnO. Namely, the starting (com-
pleting) pressures of the B4-to-B1 phase transition were changed
from 9.5 (11) GPa for pure ZnO to 8.3 (12) GPa for Zngg9Mng ;0
and 6.5 (9) GPa for ZngggMnggyO crystals, respectively. The
existence of manganese ions in the ZnO crystal appears to have
substantially reduced the phase transition barrier, and hence
lowered the pressure required to trigger the phase transition. How-
ever, the effect of manganese doping on the path of B4-to-B1 phase
transition has remained largely unanswered. In this present study,
the pressure-induced phase transition, compressibility, equation of
state and phase transition path in ZngggMngo,O were systemati-
cally investigated by angular dispersive X-ray diffraction (ADXRD)
to explore this issue as well as to unveil the effect of the Mn-3d
electrons on Zn-O bonding which might be important to the
associated RTFM.

2. Experimental details

Specimens with the nominal composition of ZngegMng 20 used in this study
were prepared by conventional solid-state reaction method using MnO,, LiCOs,
and ZnO with the purity better than 99.9% as the starting materials. The powders
were mixed and ground with acetone in a zirconium oxide ball mill for 12 h. The
mixed powders were then calcined in air at 1173 K for 5 h. To assure the homoge-
neous reaction of the starting powders, the grounding and calcined processes were
repeated for 3 times. The stoichiometry of the Mn/Zn ratio in the obtained powders
was checked using the energy dispersive X-ray spectroscopy attached in the scan-
ning electron microscope (SEM, Hitachi S-4700).

ADXRD experiments were performed using a symmetric diamond anvil cell
(DAC) with full X-ray aperture around 85° and the diffraction angle 20 up to 38°.
The X-ray energy was 16 keV and distance between sample and detector was
330 mm under high pressures [26]. The AISI301 stainless steel gasket material
was pre-indented to 70-80 um from an initial thickness of 250 um. A 235 pm sam-
ple chambers were drilled in the center of the indented gaskets for the high pres-
sure experiments using a discharge machine. Fine ruby powders were placed
inside the hole as the pressure gauge and silicon oil was used as a pressure-trans-
mitting medium [27]. The ground samples were placed on top of the ruby powders
and the ruby fluorescence spectra were measured at the same spot. The pressures
for high pressure ADXRD measurements within the DAC were determined by the
shifts of fluorescence lines of ruby, using the calibration of Mao et al. [28].

ADXRD measurements were performed using the beamline BLO1C2 [29] at the
National Synchrotron Radiation Research Center (NSRRC), Taiwan, and beamline
BL12B1 at SPring8, Japan. The wavelengths were 0.7749 A (16 keV) and 0.7834 A
(15.825keV) for BLO1C2 and BL12B1, respectively. Diffraction patterns for
Znp9gMngp 0,0 samples were recorded up to a pressure of 13.80 GPa at a distance
of 260 mm from the sample with a Mar 3450 image plate (IP) and a CCD online sys-
tems for BLO1C2 and BL12B1, respectively. The sample-to-detector distance and
spatial distortion of the IP and CCD detectors were corrected using diffraction pat-
terns of CeO, powder. The observed intensity on the IP and CCD were integrated as
a function of 20 to obtain the one-dimensional diffraction profile using ESRF Fit2D
code [30]. The unit cell parameters of the sample were obtained by using the
program package GSAS (General Structure Analysis System) [31]. Final values of
the lattice parameters were obtained using the Rietveld refinement, which refined
user-selected parameters by minimizing the difference between an experimental
pattern and a shape based on the composite crystal structure and instrumental
parameters. Five parameters, namely the scale factor, background, lattice parame-
ters, zero shift (specimen displacement), and thermal parameters are used to refine
information in this work. Theoretically, n diffraction peaks, each peak serving as an
observable, can refine n—1 parameters. Thus, the DAC with diffraction angle 260 up
to 38° at 16 keV can adequately match the required conditions of the Rietveld
refinement.

3. Results and discussion

In situ ADXRD spectra of bulk Zng 9sMng 9,0 obtained for a load-
ing run up to 13.80 GPa and unloading run to ambient pressure are
shown in Fig. 1. All diffraction peaks at the ambient pressure
(0.1 MPa-0 GPa) shown in Fig. 1 can be assigned to the B4 phase
of the hexagonal structured ZnO. Furthermore, as is evident from
Fig. 1, ADXRD patterns show no trace of manganese or manganese
oxide clusters formed in the present ZnggsMng o0, suggesting a
homogeneous doping of manganese atoms within the ZnO lattice.
The unit-cell parameters for ZngggMngg,O at ambient pressure
determined from Fig. 1 are a=b=3.2482(1) A, c=5.2035(1) A
and V/Z=23.773(1) A [3], respectively. These are slightly larger
than the reported value of a=b=3.2465(8) A, c=5.2030(19) A
and V/Z = 23.745 A [3] (Inorganic Crystal Structure Database (ICSD)
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Fig. 1. Representative ADXRD patterns of bulk Zng9sMng 0,0 at elevated pressures
and decompressure. Bulk Zng9sMng 0,0 exhibited a phase transition with an onset
pressure of 7.35 GPa marked with x* in the inset.

No. 94004) for hexagonal structured ZnO. Since the crystal ionic ra-
dius for Mn?* (0.91 A) is slightly larger than that of Zn?* (0.83 A)
[7], the present observation, in fact, also suggests a homogeneous
doping of manganese atoms and is consistent with the absence
of impurity phases (see the Fig. 1).

The inset of Fig. 1 shows that, as the pressure reaches 7.35 GPa,
a discernible new diffraction peak (marked with an asterisk) corre-
sponding to the (200)-reflection of B1 phase starts to emerge for
bulk ZngogMngg,0. Moreover, although the intensity of the new
peak grows substantially with the increasing pressure, coexistence
of diffraction peaks from the original B4 phase is evident over a
wide range of pressures (7.35-12.46 GPa), indicating that the
phase transition is taking place locally rather than globally. The
starting and completing pressures of the B4-to-B1 phase transition
observed in the present bulk Zng9gMng o0 are slightly larger and
wider than that (6.5-9 GPa) reported by Wang et al. [25]. Based
on the thermodynamics arguments that the transition pressure
should be close or equal to the onset pressure, therefore, the tran-
sition pressure of B4 to B1 for bulk ZngggMnggO is taken as
7.35 GPa. Comparing to the starting pressures shown in Table 1
for the pure ZnO, our data also indicate that the manganese ion
doping has resulted in a reduction of the transition pressure.
Finally, the lattice parameters at 7.35 GPa for the present bulk
ZNgosMng ;0 are a=3.2063(1) A, ¢=5.1318(2) A and V/
7Z=22.844(1) A [3] for the B4 phase and, a=4.2287(12) A, V|
Z=18.905(16) A [3] for the B1 phase, respectively; implying that
the transition from B4 to B1 phase is accompanied by a substantial
volume decrease of ~15.9%. As a result, when the pressure is
released back to the ambient pressure tremendous amount of
strain remained in the sample, albeit the bulk ZngggMngg,0 has
essentially reverted to the B4 phase from the metastable B1 phase,
as is evident from the drastic broadening of the corresponding
diffraction peaks displayed in Fig. 1.

The volume vs. pressure data measured at the ambient temper-
ature for bulk ZngegMng ;0 is shown in Fig. 2(a). The data for the
B4 phase were fitted to the third-order Birch-Murnaghan equation
of state [32]. The zero-pressure isothermal bulk moduli (By) and its

first derivative with respect to pressure (B,) for B4 phase were fit-
ted to be 157 + 8 GPa and 8 + 3, respectively. The pressure evolu-
tion of the reduced lattice parameters ajao, and c/co of the B4
phase are presented in Fig. 2(b). Upon P = 7.35 GPa, the linear com-
pressibility K.=— (1/c)(dc/dP);r=0.001576 GPa~! along c-axis is
larger than K, = 0.001385 GPa~'. The fact that the compression rate
along the c-axis is higher indicates that the spacing between O and
Zn(Mn) is more compressible than those between Zn(Mn) and
Zn(Mn) ions. Consequently, the lattice is more susceptible to de-
form along the c axis under pressure. Fig. 2(c) shows the weight
fraction (Wt. Frac.) as a function of pressure for both B4 and B1
phases. The results indicate that in the intermediate pressure range
B4 and B1 phases coexist and the amount of increasing B1 corre-
sponds well with that of the decreasing B4 as the pressure is con-
tinuously increased. This again indicates that the phase transition
is taking place locally rather than globally. The pressure of equal
weight fraction value (50:50) of B4 and B1 phases is around
9.5(1) GPa by a sigmoidal fit of Boltzmann function.

In Fig. 3, the internal structural parameter u and the c/a ratio
obtained from the Rietveld refinements for bulk ZngggMng g0
are plotted as a function of pressure. Our data indicate that the c/
aratio is ~1.602 for B4 phase at ambient pressure, which is slightly
smaller than the reported values of 1.61 for pure ZnO [23,24] and
deviates substantially from the value of 1.633 for the ideal c/a ratio
of wiirtzite structure with a hexagonal unit cell, respectively. Kisi
and Elcombe [33] pointed out that when the larger the difference
between the electronegativity of the two constituents in hexagonal
compounds the more deviation of the c/a ratio from the ideal value.
The electronegativity using the Pauling scale [34] for Mn, Zn and O
are 1.55, 1.65 and 3.44, respectively. The electronegativity differ-
ence between Mn and O is slightly larger than that between Zn
and O. Therefore, the fact that the c/a ratio for bulk ZngggMng ;0
is smaller than that for pure ZnO is also in line with the conjecture
that the doped manganese is randomly distributed within the ZnO
lattice forming DMS. It is also evident from Fig. 3 that the c/a ratio
decreases continuously from ~1.602 to ~1.597 as the pressure is
increased from P20 GPa to Pz 12.6 GPa, reflecting an obvious
decreasing trend in the volume fraction of the B4 phase. The rela-
tionship between the c/a ratio and P can be fitted by a quadratic
polynomial function with: c/a=1.6014+1.0879 x107% P -
3.1624 x 107> P2, It is noted that, unlike that reported in Saitta
and Decremps [23], our results do not show an abrupt drop in
the c/a ratio to 1.29 amid the pressure-induced phase transition.
On the other hand, in our case the u value decreases slightly from
0.384 to 0.371 as the pressure is increased from the ambient pres-
sure to 6.38 GPa. Nevertheless, at P = 7.35 GPa, the u value under-
goes a precipitous drop from 0.371 to 0.355 (i.e. ~4.3% change) and
then increase rapidly to u ~ 0.475 at P ~ 12.64 GPa, beyond which
the B4 phase converts to the B1 phase completely. Although it is
not clear at present what causes the discontinuous drop in the u
value, it apparently coincides with the onset pressure of the
B4-to-B1 phase transition. Except for the anomaly at P=7.35 GPa
and despite of the relatively insensitive pressure dependence for
P<6.38 GPa, the trend still indicates that u value is in general
increasing with increasing pressure. This observation is indicative
that the B4-to-B1 phase transformation in bulk ZngggMng,0 is
more likely via the hexagonal rather than the tetragonal path [24].

Ozgiir et al. [35] reported that the u value can be alternatively
described as the bond length or the nearest-neighbor distance be-
tween O and Zn(Mn) ions measured the c-axis (d,,_) divided by c.
The bond length of equilateral triangle (de.) and d,,_c are plotted as
a function of pressure, as shown in Fig. 4(a). It is seen that dy,.¢
initially decreases slightly from ~2.000 A at ambient pressure to
~1.909 A at 6.38 GPa, then undergoes a discontinuous drop from
1.909 A to 1.822 A (~4.3%) at 7.35 GPa, and subsequently increases
rapidly up to 2.424 A at 12.64 GPa. On the other hand, d., initially
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decreases slightly from 1.954 A at ambient pressure to 1.947 A at
6.38 GPa, then undergoes an abrupt rise from 1.947 A to 1.982 A
(~1.8%) at 7.35 GPa, and immediately decreases rapidly down to
1.845 A at 12.64 GPa. At P~ 7.35 GPa, dp,.. and u have a similar
pressure dependence trend. Interestingly, as is evident from

Fig. 4(b), the pressure dependence of d.; exhibits an opposite trend
to that of dy,.. and u. Both of them display an abnormal turn at
P=7.35 GPa, which is also coincident with the onset pressure of
the B4-to-B1 phase transition. The intimate relevance of the bond
length anomalies and structural changes further affirm that the
transition pressure of B4-to-B1 for bulk ZngggMngg,0 is indeed
taking place at P ~ 7.35 GPa. The question remains to be addressed
is the apparent lowering of the onset pressure of phase transition
induced by Mn-doping.

To explain the reduction of the phase-transition pressure of
bulk ZngggMng o0, it is heuristic to compare the behaviors ob-
served in DMS’s with similar crystal structures. Maheswaranathan
et al. [36] reported that, in cadmium telluride (CdTe), substituting
zinc with cadmium in the zinc-blende lattice evidently led to more
stable lattice in Cdg s5,Zng 4gTe than with manganese in Cd;_,Mn,Te
with 0 < x < 0.52. They also disclosed that manganese was respon-
sible for making the zinc-blende crystal structure more susceptible
to the applied pressure instead of zinc. In that the relatively loosely
bounded 3d electrons in manganese are preferably hybridized into
the tetragonal bonds. On the contrary, the cadmium and zinc d lev-
els do not hybridize with the sp> bonding orbitals. Consequently, it
was concluded that the cause of the reduction of the phase transi-
tion pressure observed in the manganese ternary alloys was in-
duced mainly by the hybridization of the manganese or iron 3d
orbitals into the tetrahedral bonds. Fig. 4(b) shows schematically
that the hybridization of manganese 3d orbitals into the
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tetrahedral bonds would weaken the wiirtzite phase structure,
which not only reduces the phase transition pressure but also
forces the dy,. to increase and d.. to decrease to bring Zn(Mn) to
rocksalt structure. In our case here, it appears that the loosely
bounded manganese 3d electrons of may have effectively stretched
dnn-c and brought Zn(Mn) to rocksalt structure, which in turn re-
duces the stability of B4 phase of bulk ZngggMngo,O under the
application of pressure.

4. Conclusion

In summary, high pressure ADXRD studies on bulk Zng 9sMng 0,0
up to 13.80 GPa were systematically performed. The results reveal
that the B4-to-B1 phase transition in this Mn-doped diluted
magnetic semiconductor has an onset pressure of ~7.35 GPa. The
compressibility of bulk Zng 9gMng o0 is anisotropic with that along
c-axis being larger than along a-axis. The largest change in the u
value with increasing pressure appears to result from the stretch-
ing of the nearest-neighbor distance of O to Zn(Mn) parallel to the ¢
axis for bulk ZngogMng 0. Under high pressure, the effect of the
manganese 3d electrons on increasing the nearest-neighbor
distance of O to Zn(Mn) parallel to the ¢ axis may have played
the primary role dictating the phase transition of bulk ZngggMng ;0.
The bond weakening results in a structural distortion prior to
phase transition under high pressure as revealed by the anomalous
pressure dependence of the increased trend of the nearest-
neighbor distance of O to Zn(Mn) parallel to the c¢ axis under the
application of pressure. The fitting with equation of state for the
bulk Zng 9gMng 20 gave a bulk modulus of 157(8) GPa and a value
of 8(3) for its first derivative. Detailed analyses on the pressure-
dependent u value indicate that the B4-to-B1 phase transformation
in bulk Zng¢gMng ¢,0 is more likely via the hexagonal rather than
the tetragonal path. More theoretical work is needed to explore
the possible structure for the high-pressure phase of bulk
Zng.9gMng 70.
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