Chinese Physics C  Vol. 37, No. 8 (2013) 088001

Structural transition of BaF, nanocrystals under high pressure”
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Abstract:

The structural transition of BaFs nanocrystals is studied by in situ high pressure synchrotron radiation

X-ray diffraction measurements up to about 21.2 GPa at ambient temperature. Two phase transformations were

observed at 5.8 and 14.4 GPa, and the two high pressure phases are identified as orthorhombic (Pnma) phase and

hexagonal (P63/mmc) phase by Rietveld refinement. Upon decompression, the «-PbCls-type metastable phase is

retained when the pressure is released. Two phase transformations of the BaF2 nanocrystals are higher than that in
bulk BaF,. It is proposed that the size effects are found to influence the BaF2 nanocrystals high-pressure behaviors

and the surface energy plays a significant role in the structural stability.
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1 Introduction

The alkaline earth fluorides have attracted much at-
tention due to their unique properties, such as low-—
energy phonons, high ionicity, electron-acceptor behav-
ior, high resistivity, and anionic conductivity [1-3]. Bar-
ium fluoride is one of the alkaline earth fluorides that
have a wide range of potential applications in microelec-
tronic and optoelectronic devices, such as wide-gap insu-
lating overlayers, gate dielectrics, insulators, and buffer
layers in semiconductor-on-insulator structures and more
advanced 3D devices [3]. Specifically, it is the fastest lu-
minescent material that has been found to date, thereby
making it an ideal high-density luminescent material for
applications in gamma ray and elementary particle de-
tectors [4].

At ambient conditions, BaF, crystallizes in the cubic
fluorite structure with a space group of Fm3m, which
consists of a cubic close-packed array of cations with an-
ions occupying tetrahedral sites. Its excellent properties
are related to its structural and electronic properties. At
high pressure, the sequence of the phase transition fol-
lows the structural progression from cubic (Fm3m) flu-
orite structure to orthorhombic (Pnma) cotunnite-type
structure to hexagonal (P63/mmc) NiyIn-type structure,
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which in turn would be characterized by a progression
in the cation coordination number from 8 to 9 to 11.
Leger et al. [5] observed that the phase transition from
the cubic to orthorhombic, to hexagonal phase occurred
at 3 GPa and 12 GPa, respectively. Smith et al. [6]
found that the two phase transitions occurred at 3 GPa
and 14 GPa using in-situ X-ray diffraction and Raman
techniques. Kanchana et al. [7] reported that the two
calculated transition pressures are 2.84 and 12.8 GPa,
respectively. There are many high—pressure studies on
bulk BaF,, however, to our knowledge, there has been
no report of a phase transition study on nanoscale BaF,.
Previous studies on nanoscale materials under high pres-
sures have revealed a series of interesting phenomena
and novel properties, which may differ from those of
their corresponding bulk counterparts. For instance, the
size effects of nanoscale materials can enhance transition
pressure [8-10], influence phase transition routines [11],
and even lead to amorphization [12, 13]. With the rapid
development of synthesis technology, the BaF, nanocrys-
tals with controllable size and shape have been success-
fully prepared, providing access to systematically explor-
ing high-pressure behaviors of BaF, nanomaterials.

In this work, we report an in situ high-pressure
synchrotron radiation X-ray diffraction study of BaF,
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nanocrystals with average grain sizes of 19 nm up to
about 21.2 GPa at ambient temperature. The nanocrys-
tal BaF, samples were prepared by the solvothermal syn-
thesis method. The phase structures and average crys-
tallite sizes of BaF, nanocrystals were determined by
X-ray diffraction (XRD) and transmission electron mi-
croscopy (TEM). We found that the cubic fluorite phase
of BaF, nanocrystals underwent two pressure-induced
phase transformations, which were remarkably higher
than the pressure occurring in the corresponding bulk
BakF,.

2 Experiments

The BaF, NCs were prepared by a liquid-solid-
solution (LSS) solvothermal route [14, 15]. In a typi-
cal synthesis, oleic acid, ethanol, and sodium hydrox-
ide were mixed together, the reactants of Ba(NO3), and
NaF were added to the mixture under vigorous stirring
for 1 h and then transferred into a autoclave, sealed and
hydrothermally treated at the designed temperature of
180 °C for about 24 h. Then the system was cooled to
room temperature naturally in air and the products were
collected by centrifugation. The sample was character-
ized by TEM, Raman spectroscopy (532 nm excitation
light), and XRD with Cu K, radiation (A=0.15418 nm).
The sample powder was loaded into a gasketed high—
pressure Mao-Bell-type diamond anvil cell (DAC) with
500 pm culet diamond anvils. A 120-pum-diameter hole
was drilled through the center of a preindented 70-pm-
thickness T-301 stainless steel gasket to form a sample
chamber. A small amount of BaF, nanocrystals and a
tiny ruby chip were placed inside the gasket hole and
filled with silicone grease as the pressure medium. Pres-
sure was determined from the frequency shift of the ruby
R1 fluorescence line. High-pressure X-ray diffraction ex-
periments were carried out up to 21.2 GPa using a syn-
chrotron X-ray source (A=0.6199 A) of the 4W2 High-
Pressure Station of Beijing Synchrotron Radiation Fa-
cility (BSRF). The diffraction data were collected using
a MAR165 CCD detector. The two-dimensional XRD
images were analyzed using FIT2D software, yielding
one-dimensional intensity versus diffraction angle 26 pat-
terns. High-pressure synchrotron XRD patterns were fit-
ted by Rietveld profile matching using the MATERIAL
STUDIO program. All measurements were performed at
room temperature.

3 Results and discussion

Figure 1(a) exhibits the TEM image of a typical
BaF; nanocrystal sample. We can observe that the as-
synthesized nanocrystals with a square shaped. It is

noted that there are some rod-like stripes in the im-
age, which should be the side view of the square, and
their width indicates the thickness of the squares. This
interesting result demonstrates that most of the as-
prepared BaF, nanosquares are plate-like with a mean
size of length around 1943 nm in a narrow distribution
(Fig. 1(b)). The inset of Fig. 1(a) is the SAED pattern
of the as-prepared BaF, nanocrytals, in which all of the
reflections have been indexed and are consistent with the
XRD result. The XRD patterns of the BaF, nanocrys-
tals under ambient conditions are shown in Fig. 2. The
sample can be indexed to a fluorite-type phase of BaF,
with no impurity phase. The lattice constant of BaF,
nanocrystals, ag, has been determined to be 6.204 A. Tt
is consistent with the value of ay=6.200 A (PDF Card
No. 04-0452). As we know, BaF, crystallized in the cu-
bic fluorite-type lattice belongs to the space group Fm3m
based on the group theory analysis. The first—order Ra-
man spectrum of BaF, contains only one Raman line at
240 cm™! [6]. Fig. 3 shows the Raman spectrum of BaF,
nanocrystals in ambient conditions. The first-order Ra-
man peak at 243 cm ™! is observed, which is characteristic
of a pure cubic phase of BaF,.
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Fig. 1. (a) TEM images of the as-synthesized BaF,

nanocrystals; (b) Particle size distribution his-
tograms of the BaF2 nanocrystals.
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Fig. 2. XRD pattern of the as-prepared BaFs
nanocrystals.
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Fig. 3. Raman spectrum of the BaF, nanocrystals
in ambient conditions.

Some selected high-pressure synchrotron radiation X-
ray diffraction patterns for BaF, nanocrystals are shown
in Fig. 4. With increasing pressure, the diffraction lines
shift toward higher 26 angles accompanied by a change of
the relative intensities At 5.8 GPa, new diffraction peaks
start to appear in the XRD patterns, indicating an oc-
currence of the phase transition. With increasing pres-
sure to 10.8 GPa, additional diffraction peaks assigned
to the high-pressure phase arise, and in the meantime all
diffraction peaks from the cubic phase disappear, which
means the cubic phase completely transformed into a
high-pressure phase. Our Rietveld refinement for this
new high-pressure phase using an orthorhombic struc-
tural model (space group Pnma) at 10.8 GPa yields a
very good fit with residuals R, ,=0.7% (Fig. 5(a)) At
14.4 GPa, a new diffraction peak begins to emerge. At
the same time, some peaks from the orthorhombic phase
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turn to be fairly weak and finally vanish at 21.2 GPa.
The variation of the ADXD pattern indicates a second
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Fig. 4. X-ray diffraction patterns of BaF2 nanocry-

stals at selected pressures at

room tempera-

ture. Diamonds indicate the orthorhombic phase
diffraction peaks. The asterisk indicates the
hexagonal phase diffraction peak.

intensity (a.u.)

(R LI | R

(a) o experimental results orthorhombic
calculated results Pnma
~~~~~~~~ different 10.8 GPa
| Bragg positions R =0.007
wp -
R,=0.0048

(b)

intensity (a.u.)

hexagonal
P6;/mmc
21.2 GPa
R,=0.0029

R,=0.0021

8 10 12 14 16 18 20 22
20/(°)
Fig. 5. Rietveld full-profile refinements of the diff-

raction patterns collected on compression at (a)

10.8 GPa and (b) at 21.2 GPa.
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phase transition of BaF, nanocrystals begins at 14.4
GPa and completes at 21.2 GPa. Fig. 5(b) presents the
Rietveld refinement of BaF, nanocrystals performed at
21.2 GPa showing good agreement with a hexagonal cell
with space group P63/mmec with residuals R,,,=0.29%.
In our work, the sequence of the pressure-induced phase
transitions of BaF, nanocrystals follows the structural
progression from cubic fluorite structure to orthorhom-
bic «-PbCl, type structure to hexagonal Ni,In-type
structure Upon decompression, the pure a-PbCl,-type
metastable phase is retained when the pressure is re-
leased. Fig. 6 presents the Rietveld refinement of BaF,
nanocrystals released from 21.2 GPa to ambient condi-
tions, showing good agreement with orthorhombic struc-
ture with residuals R,,=0.64%. The result indicates
that the phase transformation is irreversible, which is
consistent with the observation of bulk BaF, [5].
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Fig. 6. Full profile rietveld refinement of the

diffraction pattern for BaF2 nanocrystals released
from 21.2 GPa to ambient conditions.

References

1 Feldmann C, Roming M, Trampert K. Small, 2006, 2: 1248-
1250

2 QUAN Z W, YANG D M, YANG P P et al. Inorg. Chem.,
2008, 47: 9509-9517

3 GAOP,XIEY, LIZ. Eur. J. Inorg. Chem. 2006, 16: 3261-3265

4 JIANG H, Pandey R, Darrigan C et al. J. Phys.: Condens.
Matter., 2003, 15: 709-718

5 Leger J M, Haines J, Atouf A et al. Phys. Rev. B, 1995, 52:
13247

6 Smith J S, Desgreniers S, John S T et al. Phys. Rev. B, 2009,
79: 134104

7 Kanchana V, Vaitheeswaran G, Rajagopalan M. Journal of Al-
loys and Compounds, 2003, 359: 66—72

8 Tolbert S H, Alivisatos A P. J. Chem. Phys., 1995, 102: 4642

From the above analysis, we can clearly see that two
phase transformations of the BaF, nanocrystals occur at
5.8 and 14.4 GPa, which are higher than those in bulk
BaF, [5-7]. This result is consistent with our previous
observation of nanocrystalline CaF, [16]. In finite size,
where the surface energy terms become an important
part of the total free energy, these effects need to be con-
sidered. The surface energy appears to be the dominant
factor in determining the stable states in finite sized sys-
tems. When the sample size is decreased to one certain
value, the surface energy begins directing the enhance-
ment of structural stability and BaF, nanocrystals are
expected to exhibit special behaviors in phase transition
pressures. It can be indicated that the grain size effect
plays a significant role in the high—pressure behaviors of
BaF;, nanocrystals

4 Conclusion

We synthesized BaF, nanocrystals with an average
size of 19 nm in a fluorite-type structure. The high-
pressure behaviors of the nanocrystalline BaF, sample
have been investigated by angle-dispersive synchrotron
X-ray powder diffraction measurement up to 21.2 GPa
at ambient temperature. Two phase transitions from
fluorite-type to a-PbCl,-type and NiyIn-type phases of
the BaF, nanocrystals occur at 5.8 and 14.4 GPa, which
are higher than those in bulk BaF,. The two high-
pressure stable structures are confirmed by Rietveld re-
finements of the X-ray diffraction data. Upon decom-
pression, the x-PbCl,-type metastable phase is retained
when the pressure is released. It suggests that the size ef-
fects are found to influence the BaF, nanocrystals’ high-
pressure behaviors and the surface energy plays a signif-
icant role in the structural stability.

4656

9 JIANG J Z, Gerward L, Olsen J S. Scripta Mater., 2001, 44:
1983-1986

10 WANG Z W, GUO Q X. J. Phys. Chem. C, 2009, 113: 4286—
4295

11 LU H, YAOM G, LI Q J et al. J. Phys. Chem. C, 2012, 116:
2165-2171

12 Swamy V, Kuznetsov A, Dubrovinsky L et al. Phys. Rev. Lett.,
2006, 96: 135702

13 WANG L, YANG W G, DING Y et al. Phys. Rev. Lett., 2010,
105: 095701

14 WANG X, ZHUANG J, PENG Q et al. Nature, 2005, 437: 121

15 ZHANG X M, QUAN Z W, YANG J et al. Nanotechnology,
2008, 19: 075603

16 WANG J S, HAO J, WANG Q S et al. Phys. Status Solidi B,
2011, 248: 1115-1118

088001-4



