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Abstract
We investigate the high pressure phase of Bi under hydrostatic pressure using
pump-probe spectroscopy at pressures up to 3.0 GPa, and we observe coherent phonons
signd and relaxation signa of photo-excited cariers at Bi(ll) and Bi(lll) phases. The
pressure dependence of the coherent phonons shows that the amplitude of coherent phonons
is extremely small and the frequency of coherent phonons changes at high pressure phases.
Asresults from our experiment, we obtain its frequencies are 2.5 THz and 2.2 THz at Bi(ll)
and Bi(lll), respectively. Furthermore, photo-excited carrier relaxation indicates drastic
changes near 2.5 GPa. Bismuth transforms from semimetal to semiconductor near 2.5 GPa,
and band-overlapping between at L-point and at T-point disappears. We consder that the

drastic changes of the photo-excited carrier relaxation are strongly correlated with the

band-overlapping disappearing.
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1. Introduction

Bismuth is one of the most studied e ements for unique electricd trangport properties and
applications. Various high pressure researches in Bi have been reported. Pressure effects on
the electrica properties have been investigated with magnetoresistantce, Hall effect, and
electrica conductivity [1,2,3]. Phase diagrams have been determined using differentia
thermal analysis by Klement et al. [4]. Crystal structures at high pressure phases have been
measured using X-ray diffraction [5], but the structure in Bi(l11) phase has been unknown
for the last few decades. Mcmahon and co-workers has revealed that Bi(lll) phase takes
unique “ guest-host” structure in 2000 [6].

The developments of laser technology enable us to generate and detect red-time lattice
vibration and relaxation of photo-excited carriers. Coherently generated lattice vibration by
pump-probe spectroscopy is caled coherent phonons and they are observed in various
semimetals and semiconductors. The coherent phonons and the photo-excited carriers
relaxation in Bi have been reported in low temperature and high excitation regime [7,8].
However there is no report on those phenomena in high pressure region. The combination
of high pressure and pump-probe spectroscopy constitutes a powerful method to investigate
real-time variation of phonons and carrier dynamics superior to Raman spectroscopy in low
frequency region.

In this report, we perform pump-probe spectroscopy in Bi single crystal under
hydrostatic pressure up to 3.0 GPa, and we investigate the coherent phonons and the
photo-exited carriers relaxation at high pressures. We observe that the amplitude of coherent
phonons extremely decrease, and its frequency changes a high pressure phases. We
determine that the frequencies of coherent phononsare 2.5 THz and 2.2 THz at Bi(ll) and at
Bi(l1l) high pressure phases. Furthermore, the photo-excited carrier relaxation changes

drastically near 2.5 GPa.

2. Experiment

A gngle crysta of Bi with lateral dimensions of 200 um and thickness of 100 um is



prepared. Cleaved surface perpendicular to trigond face is used to examine pump-probe
spectroscopy. The laser pulses are generated by a mode-locked Ti:sgpphire laser. Pulse
width, center wavelength and repetition rate are about 100 fs, 80 MHz and A = 790 nm
(hv= 157 eV), respectivdy. A standard reflection-type of time resolved pump-probe
technique is employed. Pump and probe beams are polarized orthogond to each other to
avoid the scattered pump beam, and diameter of laser spot isabout 10 « m on the samples.
The excitation power density is about 50 pJcm?® The reflectivity change AR/R is
measured as a function of the delay time by scanning the optical path length of the probe
beam.

A diamond anvil cdl (DAC) is used as a pressure generation source and pressure is
determined by the ruby fluorescence method. To examine asmall sample laded in the DAC,
we use microscope pump-probe system in this experiment. The schematic diagram of
microscope pump-probe system is shown in Fig. 1. Pump and probe beam are reflected by
dielectric mirror and focused on the sample in the DAC. Laser spot and the inside of the
DAC are monitored by the CCD camera while measuring.

Figure 2(a) shows schematic diagram of optical setup near sample position. A mixture of
methanol and ethanal 4:1 is used as a pressure transmitting medium. To confirm the heating
effects by laser beam on the sample, thermocouple is equipped to diamond. The sample is
fairly good thermal contact with the diamond, however, we cannot observe the significant
heating effect. Figure 2(b) shows pump and probe signas of the single crystd of Bi
measured in a DAC (under 1 kbar) and in an atmosphere. In the DAC, laser pulses pass
through the diamond and the pressure-transmitting medium, however we cannot observe

significant differences both signalsin the DAC and in an atmosphere.

3. Experimental Results
Figure 3 shows the pump and probe signals in the single crystal of Bi under hydrostatic
pressure ranging from atmospheric pressure to 3.0 GPa. The horizontal dotted lines indicate

basdlines of each signal and the spikes at O ps are caused by the transient grating effect. The



damped oscillatory component of pump and probe signal represents coherent A1 phonon
mode and non-oscillatory background component shows relaxation of photo-excited
carriers. The coherent phonons signd is clearly observed at atmospheric pressure and 1.0
GPa. At atmospheric pressure and 1.0 GPa, the relaxation signa of photo-excited carriers
rises a O ps, and it is decaying rapidly with the time constant on the order of 10 ps.
Increasing the pressure, the pump and probe signals indicate drastic changes at 2.6 GPa and
3.0 GPa. The amplitude of coherent phonons is extremely small, and the photo-excited
carrier relaxation shows drastic changes. The relaxation signd of photo-excited carriersfals
to the lowest point and it indicates sufficiently dow relaxation. There are no significant
changes of photo-excited carriers relaxation between at 2.6 GPaand at 3.0 GPa, therefore it
Is consdered that the drastic change of the relaxation is not caused by structural phase
trangition from Bi(l1) to Bi(Il1).

To investigate the pressure dependence of the coherent phonons, we use time modulation
technique to highlight the coherent phonons component of pump and probe signd. Thetime
derivative of pump and probe signals at various pressures are shown in Fig. 4(a). The
amplitudes of coherent phonons at 2.7 GPa and 2.8 GPa decrease to about one tenth of the
signal at atmospheric pressure. The Fourier transform (FT) spectraof time domain signals
aredisplayed in Fig. 4(b). The pesk frequency of the FT spectrumis2.9 THz at
atmospheric pressure, and it agrees well with the A4 phonon frequency measured by the
Raman spectroscopy [9] and time domain data[10]. Asthe pressure increases, the
frequency of coherent phonons changesfrom 2.9 THzto 2.5 THz at 2.7 GPa. Then, the
secondly frequency changeis observed at 2.8 GPa, and the peak frequency isabout 2.2 THz
at this pressure. Bi transforms from rhombohedral to monoclinic Bi(ll) a 2.5 GPa (at room
temperature). Bi(l11) phase appears at 2.8 GPa, and its structure takes unique guest-host
structure [6]. Coherent phonons are affected by the change of the crystal structures,
therefore, we consider that the frequency shifts are caused by the lattice potential change at
structure phase trangition. It is expected to occur phonon lifetime change, but we cannot

observe the significant change of it.



4. Discussions

Bismuth isasemimetd at atmospheric pressure (at room temperature), and
band-overlapping exists between valence band at T-point and conduction band at L-point. It
is known that Bi transforms from semimeta to indirect semiconductor near 2.5 GPa, and
consequently, the band-overlapping disappears. Schoenlein et al. have investigated
wavel ength dependence of pump and probe signalsin GaAsranging from 1.55t0 2.14 eV,
and their results show that photo-excited carrier relaxation extremely changes when the
photon energy of alaser pulse coincide with any eectronic band [11]. We investigate the
wavel ength dependence of pump and probe signasin Bi ranging from 1.51 eV to 1.70 eV
at atmospheric pressure, and we cannot confirm the significant changes of photo-excited
carrier relaxation. Since the pressure dependence of phonon frequency show dight change,
it is considered that the electronic band structures are dmost unchanged by the structural
phase trangition. The drastic changes of photo-excited carrier relaxation occur when
band-overlapping disappears at semimetal-semiconductor trangition. Therefore, we consider
that the drastic changes of photo-excited carrier relaxation above 2.5 GPa are correlated
with the band-overlapping disappearing. Further theoretical and experimental studies are

needed to clear our experimental results.

5. Conclusions

We perform pump-probe spectroscopy in Bi under hydrogtatic pressure. We observe
coherent phonons and relaxation of photo-excited carriers in high pressure phases of Bi(ll)
and Bi(lll). We observe the amplitude of coherent phonons is extremdy small and the
phonon frequency changes at high pressure phases. We determine that frequencies of
coherent phonons are 2.5 THz and 2.2 THz at Bi(Il) and Bi(lll), respectively. Coherent
phonons are sendtive to the structure changes, therefore, we consider that the frequency
shifts are caused by the lattice potentiad change at structural phase trangition. Moreover,

drastic changes of the photo-excited carrier relaxation are observed near 2.5 GPa. Bismuth



transforms from semimetal to semiconductor near 25 GPa The drastic change of
photo-excited carrier relaxation is correlated with the disappearing of the band-overlapping

at semimetal -semiconductor transition.
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FIGURES
Fig. 1. A schematic diagram of micro pump-probe system. Pump and probe beams are
reflected by the dielectric mirror and focused on the sample in diamond anvil cdl (DAC).

Inside of the DAC ismonitored by CCD camera while measuring.

Fig. 2. (8) Schematic diagram of optical setup and sample. Single crystal of Bi isloaded ina
DAC with Ruby chips. (b) Pump and probe signals of Bi measured in a DAC (under 1
kbar) and in an atmosphere. We cannot observe significant difference on signa in the DAC

for comparison with the signal in an atmosphere.

Fig. 3. The pressure dependence of pump-probe signd. The pump-probe signal of Bi is
measured at various pressures ranging from atmospheric pressure to 3.0 GPa. The
horizontal dotted lines indicate basdlines of each signa. We observe damped oscillation
component of coherent phonons and non-oscillation background component  of
photo-excited carriers relaxation are clearly observed at atmospheric pressure and a 1.0
GPa. However, the amplitude of coherent phononsis extremely small and the photo-excited

carriersrelaxation is decaying to the negative direction at 2.6 GPaand 3.0 GPa.

Fig. 4. (8) The pressure dependence of coherent phonons. Time derivatives of pump-probe
signas at atmospheric pressure, at 2.7 GPaand at 2.8 GPa using time modulation technique
to highlight coherent phonons. (b) Fourier transform spectrain each signa. Frequency of
coherent phonons at atmospheric pressureis 2.9 THz, however, frequency changes to about
25 THz a 2.7 GPa in Bi(ll) phase. Further frequency change is occurred at 2.8 GPa in
Bi(l11) phase and the frequency is about 2.2 THz.
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Fig.3
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Fig. 4
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