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Several phase transitions have been observed in SnBr, up to 23 GPa. Measurements of the Raman
spectra show that additional modes are observed in the lattice region at about 4 GPa, suggesting that the
symmetry of the unit cell is changing. All lattice modes disappear and the internal vibrational modes
lose their splitting in the 13-15-GPa region, indicating that a crystal-to-amorphous transition occurs in
this pressure range. Upon release of pressure, the amorphous phase is stable to about 1 GPa. A crystal-
line phase is observed below 1 GPa. Optical absorption experiments indicate that the optical band gap
displays a continuous (and reversible) closure with increasing pressure. A photoluminescence signal is
observed to red shift with increasing pressure and is quenched in the amorphous state.

I. INTRODUCTION

The properties of the amorphous state and the connec-
tion between crystalline and amorphous phases is a sub-
ject of considerable interest.!”3> Though most amor-
phous materials have been prepared by rapid cooling of
the liquid phase, recent work has shown several interest-
ing phenomena in pressure-induced amorphization.*~ !
Application of pressure on ice at 77 K produces a high-
density amorphous phase at about 1.0 GPa.®~° The pro-
duction of this phase of ice is related to crossing the ex-
trapolation of the boundary between ice Ih and liquid wa-
ter, suggesting that this phase transition corresponds to
pressure-induced “melting.” Another interesting effect
observed in pressure-induced amorphization is the recent
observation that certain materials display an amor-
phous-to-crystal transition upon the release of pres-
sure.#>13717 Kruger and Jeanloz have reported that
small crystals of AIPO, return to the same crystalline
phase with the same orientation of axes upon cycling to
pressures above 15 GPa. 4

In this paper, we report our study of the molecular
crystal SnBr, as a function of pressure up to 23 GPa. At
ambient pressure, SnBr, is a tetrahedral molecule, de-
scribed by the point group 7,;. Brand and Sackmann'®
have determined that the unit cell of SnBr, at one atmo-
sphere is monoclinic (space group P2,/c, or C3,) with
four molecules located on general sites. Several phase
transitions, including a reversible crystal-to-amorphous
one, have been observed over the pressure range of the
experiments reported here. We have also studied the clo-
sure of the optical band gap and observed photolumines-
cence over this same pressure range.

II. EXPERIMENTAL DETAILS

Samples of SnBr, were obtained from Aldrich Chemi-
cal Co., Inc. SnBr, has a melting point of 304 K at at-
mospheric pressure and is thus a soft crystal under am-
bient conditions. Powdered SnBr, was placed inside a
miniature Merrill-Bassett diamond anvil cell which was
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used to generate high pressure.!® The cells were loaded
in a nitrogen environment inside a glove bag to prevent
contamination. Small chips of ruby were loaded with the
SnBr, so that standard ruby luminescence measurements
could be used to determine the pressure.?° Pressure gra-
dients within the cell were estimated to have been less
than 15% at all pressures based on measurements of ruby
chips at various locations within the cell. By performing
the experiments on small portions of the sample close to a
ruby, the errors in the value of the pressure were approxi-
mately 0.3 GPa for experiments below 10 GPa and 0.6
GPa for experiments above 10 GPa. All experiments
were carried out at room temperature.

Raman and photoluminescence (PL) experiments were
performed using an Ar*-ion laser. Raman experiments
were carried out using 514.5-nm light at powers between
1 and 200 mW. PL data were obtained using both 514.5-
and 488.0-nm light over similar power ranges. Backscat-
tered light was collected with a double monochromator.
Standard photon counting electronics were employed and
the spectra were collected with a microcomputer which
also controlled the stepper motor of the monochromator.

Optical absorption (OA) measurements were made by
focusing light from a standard lamp through a 400-um
pinhole onto the back of the cell and collecting the
transmitted light. The OA spectra were corrected for the
response function of the monochromator.

III. RESULTS AND DISCUSSION

Raman studies provide a wealth of information on
internal and lattice vibrational modes. The SnBr, mole-
cule has four Raman-active internal vibrational modes:
the symmetric stretch v; at 220 cm ™!, the doubly degen-
erate deformation v, at 70 cm ™!, the triply degenerate
stretch v; at 280 cm ™!, and the triply degenerate defor-
mation v, at 90 cm ™ 1.2!723 Figure 1 shows several typi-
cal low-pressure Raman spectra as pressure is increased.
Note the changes that occur in the lattice region
(~30-60 cm ™! at low pressures) and the internal mode
region (> 65 cm ™! at low pressures). The error in locat-
ing the position of the modes is estimated to be =1 cm !
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for the sharp peaks and +3 cm ™! for the broad peaks.
Figure 2 shows the Raman shift of the observed peaks as
a function of increasing pressure. The appearance and
disappearance of Raman modes at various pressures pro-
vides evidence for more than one phase transition.

In a study at one atmosphere, Zeng and Anderson
observed 12 sharp, closely spaced Raman-active lattice
modes in the 25-55 cm ™! region at 20 K. At room tem-
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FIG. 1. Typical Raman spectra at (a) 3.0 GPa, (b) 7.2 GPa,
and (c) 8.6 GPa for increasing pressure. The inset of (a) shows
an expanded view of the low-frequency region of this spectrum.
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FIG. 2. The pressure dependence of the lattice and internal
vibrational modes as the pressure is increased. The error bars
for the frequencies are smaller than the size of the symbols. The
error bars for the pressure are estimated to be less than 0.3 GPa
below 10 GPa and 0.6 GPa above 10 GPa.

perature, thermal effects broaden and overlap these
modes. As shown in Fig. 2, a number of new lattice
modes are observed as the pressure is increased above
about 4-GPa. The change in the number of the lattice
modes indicates that a structural phase transition occurs
at this pressure. The number of allowed lattice modes is
dependent on the number of molecules in the unit cell.
Since the number of observed lattice modes is greater
above 4 GPa, the unit cell of the high-pressure phase
most likely contains more than four molecules (the num-
ber of molecules in the unit cell at one atmosphere!?).

Another phase transition is observed in the vicinity of
15 GPa, as is evident from Fig. 2. Above this pressure,
none of the lattice modes can be observed, indicating that
a crystal-to-amorphous transition has occurred. The Ra-
man spectra of Fig. 3 show the dramatic changes in the
lattice region as the transition occurs. Additional evi-
dence for this phase transition is also found in the inter-
nal mode region of the Raman spectra.

A dramatic change in the vicinity of the v; mode is
first observed at about 5 GPa with the appearance of ad-
ditional peaks separated by ~+30 cm ™!, as shown in
Figs. 1(b) and 1(c). As the pressure is increased, the in-
tensity of these ‘“‘satellite” peaks grow relative to the in-
tensity of the v, mode, as displayed in Fig. 4. This figure
shows that the satellite modes are significantly more in-
tense than the v, mode above 13 GPa. The fact that
these two satellite peaks are symmetrically shifted with
respect to the v, mode suggests that these modes
represent a splitting of the v; mode. A Moéssbauer study
of Snl, by Pasternak and Taylor'? showed that these mol-
ecules form chains in the amorphous phase. These chains
are formed by bonding between halogen atoms on neigh-
boring molecules. This would provide for coupling be-
tween the normal modes of vibrations of the molecular
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units and result in a splitting of the v; mode into two 4,
modes. This is consistent with our observations for
SnBr, and the observations of Sugai® for Snl,.

This suggestion for the origin of the 4, modes implies
that the relative intensities of the 4, and v; modes can be
used to estimate the relative amounts of the crystalline
and amorphous phases. As shown in Fig. 4, the two
phases coexist in the pressure range between 5 and 18
GPa. For increasing pressure, the sample changes from
predominantly crystalline to predominantly amorphous
near 13 GPa. This observation is consistent with the ob-
servation that the lattice modes are not observed in the
Raman spectra above about 15 GPa. Substantial hys-
teresis is observed for the amorphous phase as the pres-

T T T

(a)

Intensity (arb. units)

-400 -300 -200 -100 0

Frequency Shift (cm” 1)

FIG. 3. Typical Raman spectra at (a) 12.6 GPa, (b) 13.0 GPa,
and (c) 22.5 GPa for increasing pressure. Plasma lines are at 77
and 117 cm™ %,
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FIG. 4. Intensity of the 4, modes relative to the intensity of
the v, mode as a function of pressure. The solid diamonds ()
are for increasing pressure and the circles (O ) are for decreas-
ing pressure.

sure is decreased. Figure 4 shows that a large fraction of
the molecular units remain in chains until about 6 GPa.
In Fig. 5, the frequency of the observed Raman peaks
is plotted as a function of decreasing pressure. A com-
parison of Figs. 5 and 2 shows substantial pressure hys-
teresis. A lattice mode is not observed until the pressure
on the sample is decreased to 0.62 GPa (as shown in Fig.
6), implying that an amorphous-to-crystal transition
occurs near this pressure. Additional evidence for such a
transition is displayed in Fig. 7. At 1.17 GPa, all of the
internal modes are broad, characteristic of the amor-
phous state. The v, and v, modes overlap into one very
broad peak. Also, the v; mode is a very broad peak with
no splitting. At 0.62 GPa, all of the internal modes have
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FIG. 5. The pressure dependence of the lattice and internal
vibrational modes as the pressure is decreased. The error bars
for the frequencies are smaller than the size of the symbols. The
error bars for the pressure are estimated to be less than 0.3 GPa
below 10 GPa and 0.6 GPa above 10 GPa.
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FIG. 6. Lattice mode region of the Raman spectrum of SnBr,
at 0.62 GPa after being cycled above 18 GPa. The presence of a
lattice mode at 48 cm ™! indicates that the sample has returned
to a crystalline phase. Plasma lines are denoted by asterisks.
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FIG. 7. Raman spectra at (a) 1.17 GPa and (b) 0.62 GPa for
decreasing pressure. The splitting and narrowing of the internal
modes indicate the return to a crystalline phase at 0.62 GPa.
Plasma lines are denoted by the asterisks.
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FIG. 8. Typical photoluminescence spectrum at 4.7 GPa.

narrowed and show the splitting characteristic of the
crystalline phase.

In addition to investigating vibrational characteristics
via Raman spectroscopy, measurements were also made
of the electronic properties by observing photolumines-
cence and optical absorption of SnBr,. Figure 8 shows a
typical PL spectra with three peaks and one shoulder. At
all pressures at which PL is observed, the spectra had the
same characteristic shape. No changes were observed in
the number of peaks, their relative intensities, or the fre-
quency separation of the peaks. The PL was observed in

15160
—~ o a
- 15140 .
IE a a
7Y ¢ oo
S

15120

o L]

>
(&)
c .
@ 15100 o M hd
=
o o
o

15080 -
(18

L ]
[ ]
15060 T T T T T
2 4 6 8 10 12 14

Pressure (GPa)

FIG. 9. The position of the highest-frequency photolumines-
cence peak as a function of pressure. The solid diamonds (¢)
are for increasing pressure and the squares ([J) are for decreas-
ing pressure. The error bars for the frequency are smaller than
the size of the symbols. The error bars for the pressure are es-
timated to be less than 0.3 GPa below 10 GPa and less than 0.6
GPa above 10 GPa.
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FIG. 10. Transmission spectra of 4.7 GPa, 10.2 GPa, and
19.3 GPa, showing the closure of the optical band gap as the
pressure is increased.

crystalline samples and found to red shift slightly as pres-
sure was increased, as shown in Fig. 9.

The band gap was measured by optical absorption ex-
periments. As shown in Fig. 10, a band edge is observed
in the transmission spectra. The point of inflection of
these spectra as a function of pressure is plotted in Fig.
11 along with the frequency of the highest-energy PL
peak. The optical band gap is found to close monotoni-
cally with increasing pressure. Very little hysteresis is
observed for the pressure dependence of the optical band
gap. At the highest pressures of these experiments, the
band gap was in the ir, below the range of sensitivity of
our experimental apparatus.

For pressures below about 13 GPa, the optical band
gap is larger than the energy of the PL. At low pressures,
the optical band gap is substantially larger than the ener-
gy of the PL. The PL signal has a much-smaller red shift
as a function of pressure than the optical band gap, indi-
cating that the states involved in the PL are relatively in-
sensitive to pressure. When the pressure on the sample
exceeded about 13 GPa, the PL could no longer be ob-
served. Figure 11 shows that this is the pressure at which
the optical band gap becomes smaller than the energy of
the PL. This would quench the PL. However, the
crystal-to-amorphous transition also occurs at this pres-
sure. Upon decreasing the pressure, the PL was not ob-
served while the sample was still amorphous (above ~1
GPa). This is presumably due to the presence of gap
states in the amorphous phase which provide a nonradia-
tive mechanism for the electrons to return to the valence
band.

IV. CONCLUSIONS

Investigation of vibrational and electronic properties of
SnBr, reveal several pressure-induced phase transitions.
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FIG. 11. The pressure dependence of the optical band gap
and the frequency of the highest-energy photoluminescence
peak. For the optical band gap, the solid squares () are for in-
creasing pressure and the open squares (O) are for decreasing
pressure. The error bars for the optical band gap are shown.
For the photoluminescence peak, the pluses (+) are for increas-
ing pressure and the X’s are for decreasing pressure. The error
bars for the photoluminescence are much smaller than the sym-
bols. The error bars for the pressure are estimated to be less
than 0.3 GPa below 10 GPa and 0.6 GPa above 10 GPa.

At about 4 GPa, an increase in the number of observed
lattice modes and a splitting of some of the internal
modes indicates a change in the symmetry of the unit
cell. Above 5 GPa, a splitting of the v, mode into two 2
A ¢ breathing modes is observed, marking the onset of a
transition involving the molecular units. By 13 GPa
these A, modes dominate the spectra. Above 15 GPa,
the lattice modes are no longer observed, showing that a
crystal-to-amorphous transition has occurred. The amor-
phous phase is believed to consist of randomly oriented
chains of SnBr,. Upon the release of pressure, the chains
are stable to below 6 GPa while the amorphous phase is
stable to below 1 GPa. A crystalline phase is observed at
0.62 GPa, indicating that an amorphous-to-crystal transi-
tion has occurred. The optical band gap is observed to
close as a function of increasing pressure. A photo-
luminescence signal is observed in the crystalline phase
below 13 GPa. Due to the large difference in the band
gap and the photoluminescence energy at low pressure,
the photoluminescence is due to states deep in the band
gap. This photoluminescence signal displays a small red
shift as the pressure is increased and is not observed in
the amorphous phase.
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