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Hydrostatic pressure effects on Raman spectra and the fundamental absorption edge
in 2H-Pbl, crystals
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The pressure dependence of the Raman and luminescence spectraRifl,2has been studied under
hydrostatic pressure up to 1.5 GPa at 77 K by using a diamond-anvil cell. A structural phase transition occurs
at a pressure d?p1=0.56+0.01 GPa. From the analysis of the Raman spectra, it is proposed that the unit cell
of the high-pressure phase is &2 supercell of that of the low-pressure phase. The peak energies of the free
exciton recombination and donor-acceptor pair bands shift continuously across the phase transition, indicating
that relative positions of atoms and the nature of interatomic bonding hardly change at the phase transition. The
pressure dependence of the fundamental absorption edge which is well described by the Urbach rule has also
been examined at 77 and 300 K. Rpt the steepness constarg in the Urbach tail changes drastically from
1.70 to 0.63. This result is consistent with the proposed doubling of unit-cell dimensiéhs; at

[. INTRODUCTION structure under hydrostatic pressure. Many investigations

In typical direct-gap layered semiconductors, intense ex_have been reported on the optical properties. in, PGON-

citon transitions appear at the fundamental absorption edgggwggerth\?e:'y?g\jvst:gce':irrﬁziltjgle deatI:CLsa\?er] zblehebnStraeIS(,)rte d
Exciton transition spectra are characterized by the oscillato ’ y P P

5,6 5 . .
strength and the exciton-phonon interaction strength. The Ia?fm'th Jayaramar:jat al. gerform]??hths exper;.mentst n Bblt
tice relaxation energy of the excitons is governed by theiP! tN€ Pressure dependence ot the kaman lineés at room tem-

bandwidths as well as the coupling strengths between excperatyre. They reported t_he phase transition pressure of 0.5
tons and phonons. Therfore the application of hydrostati Pa in H polytype as evidenced by the appearance of new

pressure to layered materials is expected to result in maj aman lines, and proposed a monocl_lr_uc or a tetragonal
changes in transition spectra of excitons interacting wit rOz_-type structure after the phase transition. There has been
phonons no literature on high-pressure x-ray studies of the crystal

In some layered crystals, such asBilhe intensity of a structure after the phase transitib@arillon and Martine%
photoluminescence from a 'self-trapped exciteTE) state measured the pressure coefficient of the absorption edge in

diminishes with increasing hydrostatic presstifghis indi- 2H-Pbl, at 78 K. They reported that the phase transition
cates an instability of the STE states under pressure. In pppeeurs at .O.'4 GPa because of a clear decrease in the absorp-
at atmospheric pressure, the Urbach steepness constant Cgﬁ_n_coefflment. _The structural change_as well as the elec-
necting directly with the exciton-phonon coupling strengthtron'c structure in PBl under hydrostatic pressure has not

has a value 1.67Ref. 2 near the threshold at which the free be%n fully gndgrstpod ytlat._ how hvd .
exciton (FE) band bottom and the STE state invert their ur motivation is to clarify how hydrostatic pressure con-

minimum energies as it has in Bi} crystals under pressure. ']E[)orlsptbhle lzjan'l;-giilzlalv ?;;gzénn?gt':ﬁgﬁp;ﬁgrglsstgli’) %iré'ggsl?z;g d
The Pb} single crystals have various pol es under at- 21 . . . .
b sing Y Polytyp how the electronic states and exciton-phonon interaction de-

mospheric pressure. The simplest structure is of tHetype .
. pend on pressure. To this end, we measured the Raman spec-
and belongs to the space groDéd. Its hexagonal unit cell, . . .
which in terms ofx, y, andz coordinates is defined by the tra, _the absorption-tail spectra of the exciton band, and the
three basis vectors, ' luminescence spectra ofH2 polytype crystals under pres-
sure. This data is used to show that the high-pressure unit
cell of Pbl, is a 2x2 supercell of the low-pressure phase.

V3a,/2 0 0
a=| —ay2 |, b=|a|, c=| 0|,
0 0 co Il. EXPERIMENT

Pbl, single crystals were grown from the vapor. Then
with the lattice constanta,=4.555 A, andc,=6.977 A#  their crystal structure and quality were examined by x-ray
contains one molecule. Layers of I-Pb-I are stacked along thdiffraction and optical measurements of Raman and lumines-
c axis. Each layer is tightly held together by strong covalentcence spectra. Only the best quality crystals were used; their
ionic bonds. The weak interlayer forces between neighboringypical thickness was about 0.07 mm.
atomic sheets of iodines are generally ascribed to the van der For the optical measurements, we used a cryostat with a
Waals interaction. diamond-anvil cell under hydrostatic pressure at 77 K. A

Because of the highly anisotropic bonding, layered cryschamber made of a pair of coaxial bellows and containing
tals often exhibit relatively large changes in the electronichigh-pressure helium gas controlled the pressure on the
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sample. More experimental details are in our previous ! 1.22 (GPa)
paper®

The pressure dependence of the Raman spectra was ob- V\N/J\/
served in the backscattering geometry. The incident light was 1.03
the 6328-A line from a He-Ne laser; the scattering light was V\,\,
analyzed by a double monochromat@obin Yvon model - 0.78
U-1000 and detected with a photomultiplier tube E \/L/\
(Hamamatsu Photonics model R-928&aman spectra at g 0.57
many pressures around the phase transition were measured to S //\/
better define the phase-transition pressure. P N— 0.51_—

Luminescence spectra were measured with the same ap- % o
paratus as for the Raman measurements, except the incident € 040~
light was the 4880-A line of an argon ion laser. After all < //
liquid helium evaporated, the temperature dependence of the £ 022 _~
luminescence spectra was measured while the sample o //
warmed from 4.2 K. The crystal temperature was measured 010~
by an AuFe-chromel thermocouple attached to a gasket. //

A two-beam method was used to measure the pressure

dependence of the absorption spectra at 290 and 77 K. In this 0(GPa)

method, the incident light was split with a half mirror into
two beams; one passed through the cell while the other 140 120 100 80 60 4
passed through a pinhole outside the cryostat. The absorption
intensity was determined from the intensity ratio of the two
beams.

\

o
N
o
o

Raman Shift cm ™)

FIG. 1. Raman spectrum oft2Pbl, at 77 K at different pres-

The crystals were put in the phpsphqr-bronze gasket hOIgures. The measurements used the backscattering geometry with the
af_ter cutting them to the proper size W'th a razor. Both th‘36328-/3\ line of a He-Ne laser. P is a plasma line of the laser.
thickness of the gasket and the hole diameter were 0.50 mm.

For the absorption-spectrum measurements, we used a gaskts of theE, andA;, modes do not change significantly,
with a 0.2 mm diameter hole on the bottom and one of 0.8, the intensity of théE; mode increases above 0.57 GPa.
mm diameter on top such that the sample fit inside the largejnen the applied pressure was fully released, the same Ra-

hole and rested on the smaller. This prevented stray lightyan spectrum as that at 0 GPa reappeared with the initial
from passing around the edge of the crystal: all of the light intensities and energy positions: the transformation was re-
the measurements was transmitted through the crystal. A 4\grsiple.

methanol-ethanol mixture and liquid nitrogen were used as
pressure media at 300 and 77 K, respectively. The transmit- —— SEEssnas

ted light intensity did not change; this indicates that the flu- 120 77K LBy
ids did not solidify. The pressure was measured from the | f__A’—:(al{))
spectral shift of theR; luminescence line of a ruby crystal i r—'A:A/’
put in a separate gasket hole near the satlee width of 100 L,Jﬂf"""”::,_,w 112
the Ry luminescence line did not change at 300 and 77 K o~ O R AR Ve e ()
over the pressure range studied, showing that the pressure is g "’E'g- i
homogeneous and hydrostatic. ;5’ 80 [y W
N @
Ill. RESULTS AND DISCUSSION 8 ol T ®
A. Raman spectra under hydrostatic pressure E o ) o ((3
Figure 1 has the Raman spect&iokes linesat 77 K and 40 ;
pressures up to 1.22 GPa. The lowest spectrum, 0@Pa [ | F © ]
mospheric pressuyghas peaks at 78 and 98 chthe spec- e ®)
tral line labeled P is a plasma line of the He-Ne laser. The 20 e @
2H-Pbl, crystal has the following normal modek:=A4 5
+E4+2A,,+ 2E,. The peaks at 78 and 98 crhare attrib- 0

uted to the Raman active modeg andA,4, respectively.
TheEg4 andA;4 modes represent intralayer optical vibrations
with displacement vectors normal and parallel to ¢hexis,
respectively. Oné\,, and onek, mode correspond to the i 2. Pressure dependence of the peak frequencies of the Ra-
longitudinal acousti¢LA) and doubly degenerate transverseman spectra. A structural phase transiton occurs at 0.56
acoustic(TA) mode, respectively. The other two optieal-  +0.01 GPa as shown by the vertical dashed line. Dashed lines in
gerademodesA,, andE,, are infrared active. At 0.57 GPa, the lower pressure side are extrapolations from Raman shifts in the
the number of lines increases abruptly from 2 to 14, whichhigher pressure region. From these, we estimated the frequencies of
indicates a structural phase transition. Near 0.57 GPa, Ramaime Raman lines at 0 GPa.

0 02 04 06 08 1 12 14
Pressure (GPa)
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TABLE I. Frequencies and mode assignments of the Raman lines in Bblumn one shows the
extrapolated Raman frequencies at 0 GPa from those observed in the high-pressure phase in this work. In
column 5, the mode symmetries corresponding to column one inkhp@&ytype at the™ point are shown;
e.g.,E4[K] denotes the energy position at tKepoint in the dispersion curve having thg symmetry at the
I' point. The unit of Raman shifts is cm.

This work Neutron Raman shifts of Force-constant Mode fh 2
scattering in M (Ref. 10  polytypes(Ref. 1) model in H (Ref. 1)  at thel" point
Line 77 K (symmetry point 298 K 50 K 50 K
11.8(&H)
13.8(6H)
a 15 14.90) 15.2(4H) TA
b 25 23.0K) TA
c 29 29.4Q) LA
d 47 46.1K) LA, TA
e 52 53.3(1") E.(TO)
f 60 58.3Q\) E,(TO)A]
g 64 64(K)? E4[K]
h 71 74.6(4) 75(A) Eq[A]
E, 78 77.5(H) 78(T) Eq
78 78.1K) E,(LO)[K]
i 88 87(A) AlA]
j 94 94(K)*® Eu(TO)K]
Asq 98 97.3(H) 97(I") A
k 109 111.1(H) 111(0) A, (LO)
| 112 115Q) A, (LO)A]

8Extrapolated values at the point from the measured data points in Ref. 10.

The observed Raman frequencies are plotted versus pregesitions of atoms, interatomic bonding, and interatomic
sure in Fig. 2. From these experiments, the phase transitidiorce constants hardly change at the phase transition. Conse-
pressurePp was determined to be 0.56).01 GPa, which quently, the phonon dispersion curves in the folded-back BZ
is close to the phase transition pressure of 0.5 GPa at rooimardly change their energies from those in the corresponding
temperature measured by Jayaraneaml®> However, they fundamental BZ.
observed only eight Raman lines in the higher-pressure re- The phonon dispersion curves of RPioheasured at 0 GPa
gion at room temperature compared to our 14; this is proband those of the @ polytype calculated using the force-
ably because weak Raman lines are more difficult to resolveonstant model were reported in Refs. 10 and 11. By com-
at the higher temperature of their measurements. As the preparing the frequencies of these phonon dispersion curves at
sure increases above 0.56 GPa, each of these 14 Raman lithe zone center or edges with those of the above 12 Raman
shifts toward higher frequencies in proportion to the pressuréines in this work, we deduced some properties of the en-
(Fig. 2. Even above 0.56 GPa, ttg, and A;; modes re- larged unit cell. Raman line@)—(I) have constant pressure
main. The frequencies of the two lines do not have a disconeoefficients abové p that are used to extrapolate their fre-
tinuous change a@p1, and moreover, each of the pressurequencies to 0 GPa in Fig. 2.
coefficients of the two lines does not changePat; . Table | shows those values in the first column and in-

The possible structure of the high-pressure phase is disludes the frequencies of tHe, and A;; modes. For ex-
cussed as follows. The 12 Raman lines that are only abovample, the extension of the lowest straight line denoted by
Ppr are divided into two groups according to their Raman(a) intersects the vertical line of 0 GPa at 15 ¢hin fre-
shifts as follows: the first group are those close to Ay  quency as seen in Fig. 2. The phonon dispersion curves of
mode and are labele@) through(l) in Fig. 2, those in the 2H polytype measured by the neutron scattering were re-
second group all have frequencies below the optical phonoported by Dorneret al!° The frequencies of these phonon
mode E4, which has the lowest frequency in the pressuredispersion curves at the, A, andK points are listed in the
region belowPpy, and are labeleda) through (h). This  second column in Table I. These frequencies agree with
second group has frequencies corresponding to the acousome of our results in the first column. For example, the
branches at atmospheric pressure. These facts suggest thaguency of the TA mode at poiritis 14.9 cm ! from the
the new Raman lines arise from a folding-back of the phonorsecond column; this coincides with the extrapolated fre-
branches in the Brillouin zonéBZ) of 2H polytype (the  quency 15 cm® of the Raman line denoted bi@) in the
fundamental BZ Therefore we argue that the new unit cell first column. Phonon dispersion curves determined by the
is made up of several unit cells oH2polytype. Because the Raman spectra of several polytypes and calculated from the
frequencies and pressure coefficients of thg and A;;  force-constant model were reported by Seatral ! The re-
modes do not change discontinuouslyRy, the relative  sults are listed in columns 3 and 4 of Table I. The Raman
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frequencies of Bl and 4H polytypes in column three and the ——r ;
frequencies at thé" and A points under column four corre- »
spond to other results in column one. Thus Raman frequen- ¢ 290K W@ ® @ ob
cies (a), (c), (f), (h), (i), and () are likely from the new TR '
modes at thd” point in the new BZ with values from those { ;

at theA point of branches TA, LAE,(TO), E4, A;4, and

A,,(LO), respectively. The latter are in the fundamental BZ. f

> e
Sy
o—o o
|

This is because of the doubling of the lattice constant of the
new unit cell along the axis corresponding to thE-A di-
rection. These are listed in the last column of Table I. In
column one of Table |, the frequencies of the lines denoted
by (b), (d), (9), (j), and 78 cm® approximately equal those

at theK point given in column two. Th&'-K direction in the
fundamental BZ corresponds to the direction alonghtlais

in real space. Hence the new unit cell also has a doubling of

—o— s
AT

Optical Density (log scale)
e
M\ﬂxq:\j\“\o\

E

the lattice constants along both theand ¢ axes. Conse- ® {T

quently, the new unit cell is made up of four unit cells ¢ 2 . 77

polytype. The intensity of the Raman line assignedEgs j/]7 : j‘i f )

(78 cmi ! at 0 GPa abruptly increases abovep with in- o1k L) ! ) e,
creasing pressurérig. 1); this suggests that for pressures LD IR I TR 1 DO T
abovePpr, the folded mode (78.1 cnt) from theK point 21 2156 22 225 23 235 24 245 25
in the fundamental BZ nearly superimposes onfjenode. Photon Energy (eV)

The frequencies of linee and k in column 1 (52 and
109 cm'!) are close to those of theingerade modes

~1 ~1
Ey(TO) (53.3 cm ) andA,(LO) (111.1 cm ) atthel oo, (1) 6 219 GPafc) 0.333 GPafd) 0.552 GPafe) 0.697 GPa,
point in the fundamental BZ, respectively. The twogerade (f) 1.06 GPa(g) 1.25 GPa(h) 1.65 GPa, andi) 2.08 GPa. Simi-

modes probably becongerademodes in the high-pressure larly for 290 K (O) and the following pressuregA) 0 GPa,(B)

phase because of the extension of the unit cell resulting ig >3 GPa/(C) 0.34 GPa,D) 0.85 GPa, andE) 0.96 GPa.
the observation of them as the Raman-active modes.

FIG. 3. Pressure dependence of the absorption spectrum near the
absorption edge at 77 K€) and the following pressuresa) 0

GPa to near 1.67 just beloRpr, drops to approximately
B. Pressure dependence of the steepness constant 0.62 atPpt, and then decreases to near 0.56 at 1.5 GPa.
Using Eq.(1) and thes data at 77 and 290 K for the four

The extension of the unit-cell volume also affects the . :
. . : different pressures, we calculated the four curves shown in
transition spectra of the bulk exciton state by changing the

exiton-phonon interaction. In Fig. 3, the pressure dependence

of the fundamental absorption edge with incident light par- 21 I ; ] 290‘K
allel to thec axis is shown for 77 K@) and 290 K ©O); the ‘ : | ‘
ordinate shows the optical densi{¢)D) on a logarithmic —te— 167  ° 7K
scale. The figure shows that the absorption tails closely fol- \l 6 E —9,
lows Urbach’s rule at all pressur&sAs pressure increases, 1500 139 7
the absorption tails shift to lower energy and their gradients © \ ;
decrease at both temperatures. When the applied pressure is o 141 |
released, the absorption spectra coincide with those obtained % ‘i‘/pm
initially at 0 GPa at both temperatures. Therefore structural i - : .
defects do not affect these spectra even at high pressure. § ,
The steepness factor is 5 ¥
& | 062l 0.56
I T S
2kgT ho 0.5 T T T e ]
o=00| 7 |tant 5 —|, D) | Koo
hwp 2kgT 0.46
where the steepness constaptis the high-temperature limit ‘ ; ‘ L .
of o, andf wp is the effective.phonon energy. The va]ue of °7 0.5 1 15 2 25
the stee_pne;s constant, is a criteria for exciton Pressure (GPa)
self-trappingt

Figure 4 shows the pressure dependence af 77 K (@) FIG. 4. Pressure dependence of the steepness factor at@®J K (
and 290 K O). At 77 K, o decreases slightly from 1.41 at 0 ang 290 K (). The vertical broken line indicates the phase tran-
GPa to reach 1.39 just belowpy. When the pressure sition pressuré®p. When the pressure reachBs, the o value
reache®pr, o jumps down to 0.52 and thereafter decreasesumps from 1.67 down to 0.62 at 290 K, and from 1.39 down to
to 0.46 as the pressure increases to 1.5 GPa. At 290a8{So  0.52 at 77 K. The heavy solid line shows the pressure dependence
drops nearPpr; extrapolating,o increases from 1.65 at 0 of oy,.
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] T T T T T T T T T T [ J
18
_L_l_‘_6 7 0 GPa FE
16 _
1.65 2
c
— 3
~1.39 g x1/100
° — 0GPa| | _| A
S — Just below 0.56 GPa %‘
g ------- Just above 0.56 GPa 2
L. - 1.5 GPa — L
p £
g 77K 290K | | 9
3 4 N o2 &
Z /. 2
_‘______--—-‘{ e FE4A,
N hs £ e
. \ . = ]
0.46 -
sl L Photon Energy (eV
100 200 300 9y (V)

Temperature (K) FIG. 6. Luminescence spectra oH2Pbl, excited with the

4880-A line of an argon ion laser at several temperatures from 4.2

heavy solid, light solid, dotted, and dashed-dotted curves show thto 77 K and at atmospheric pressure. The FE band indicates recom-

theoretical curves at 0 GPa, just below 0.56 GPa, just above 0.5§Inatlcm Iuml_nescgnce of the free exciton. The | indicates Il_Jmlnes-

: . . .~ ~cence from impurity centers. BEA,;y and FE-2A,4 are exciton
GPa, and at 1.5 GPa, respectively. The vertical broken lines mdlcatFecombinations associated with,, phonons. DA and DA, are
the temperatures of 77 and 290 K. g P :

D-A pair luminescence peaks. Spectra at higher temperatures have

Fig. 5; the heavy solid, light solid, dotted, and dashed-dotte@eeefnagtrgfshgﬁgwr?r a direct comparison, they should be scaled by
curves arer at 0 GPa, just belowp, just abovePp, and '

at 1.5 GPa, respectively. The valuesogfandfwp in Table  the jnteratomic bonding hardly changes at the phase transi-

Il for the four pressures were obtained from these curves;gp, (see Sec. Il A. ThereforeE, » is nearly constant across
The values ofr of 1.67 andh wp 0f 10 meV at 0 GPa agree he phase transition. Furthermore, because the relative

with previous estimate¥. oy decreases abruptly from 1.70 atomic positions do not significantly change at the phase
to 0.63 atPpr, butfwp (11 meV) does not change signifi- ansition,s does not change &p1. Hence we conclude that
cantly with pressure. The pressure dependencerdfis  he grastic change o, at Ppr is due only to a change i.
shown by the heavy solid lines in Fig. 4. We consider NoWrhe decrease i to nearly one-third of that at the phase
the reason whyrg jumps from the large to the 5_”313" values yransition can be understood as follows. The folding-back
at the phase transition. The steepness constau effect on the exciton band in the BZ by the extension of the
B unit-cell size in the high-pressure phase reduces the band-
0o=S—1, (2)  width. The doubling of the unit cell along theandc axes
Eir reduces the BZ by one-half in tH&-K andT'-A directions,
wheres, the steepness index, is determined by the crystal’@nd the bandwidth in these directions will drop by more than
dimensionality and structural symmeti®,is the half-width one-half. According to eIectromc band calculations for
of the exciton band, which equals twice the transfer energy2H-Pbh,'® the lowest conduction-band energy changes
and E, is the lattice relaxation energy, r depends on Mmostly along thel’-K direction. HenceB would mostly be
hwp and the strength of the electron-phonon interaction; affected by the folding back of the exciton band along the
the former did not change &p; and we think that the latter I'-K direction.
does not significantly change &t because the nature of

FIG. 5. Temperature dependence of the steepness facfbine

C. Pressure dependence of the luminescence spectra

TABLE Il. Values of the steepness parameters at various pres-

sures.o is the steepness factor at 77 and 290K is the steepness
constant, and wp is the effective phonon energy.

Figure 6 shows the luminescence spectratittRbl, at 0
GPa at several temperatures. The 4880-A line of an argon
ion laser was used as a source. The lowest spectrum at 4.2 K

consists of exciton recombination lines and donor-acceptor
PressurdGP f meV . A . .
4GPa 7 7o wp(MeV) (DA) pair bands; the line labeled FE at the highest energy is
(77 K) (290 K) . . . . . .
a direct recombination line of the free exciton, i.e., a recom-
0 1.41 1.65 1.67 10 bination of an electron at the bottom of the conduction band
Just below 0.56 1.39 1.67 1.70 11 and a hole at the top of the valence band atlthgoint, line
Just above 0.56 0.52 0.62 0.63 11 | is due to an exciton bound to a neutral dohbrvhereas
15 0.46 0.56 0.57 11.5 lines FE-A14 and FE-2A,4 are the phonon-assisted bands

of the exciton recombination with phonodsy and 2A,,
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2~5 T~ - v 11 T

s 1.70 (GPa)
77K

2.2+ -

Luminescence Intensity (arb.units)
Photon Energy of Luminescence (eV)

0.33 (GPa) M

......... 2.1|y|‘||\l||llk"|"
0 (GPa) l 0 0.5 1 15

1 I 1 IDA FEI
21 22 23 24 25

Pressure(GPa)

FIG. 8. Pressure-dependent the peak energies of th@jEad
Photon Energy (eV) D-A pair luminescence®) bands at 77 K. The vertical broken line

indicates the phase transition pressure. Solid lines are the best fits to
FIG. 7. Pressure dependence of the luminescence spectrum at #he data.

K. Above 0 GPa, the DA band is shown multiplied by 1/3. For a

direct comparison to the higher energy peak, multiply by 3 as indi-— 160 meV/GPa, respectively. The negative pressure coeffi-
cated by “x3.” The arrow indicates the source energy. cients of the FE and DA bands originate mainly from the
reduction of the band-gap energy with increasing pressure.
lhe frequencies of the FE and DA bands do not jump &t
probably because the band-gap energy does not significantly
change aPpt. This absence of a band-gap discontinuity is

respectively. The donor-acceptor pair recombination band
DA, at 2.436 eV and DAat 2.428 eV are the same as those

reported by Bibik and Davydové With increasing tempera- e?xplained as follows. Because the relative positions of the

twre, the intensity of the luminescence becomes weak atoms and interatomic bonding nature hardly change at the
above 27 K, and the | line transfers its intensity to that of the 9 y 9

. . . hase transition, the energies at conduction and valence-band
FE band. Although the intensity at 77 K is nearly two ordersP ' .
of magnitude Iesgs than that aty4 2 K, the bandypeaks of thgxtrema hardly change. Although the folding back at the
FE recombination at 2.49 e(Ref.19 ’and DA recombina- phase transition affects the electronic band and produces
tion at 2.41 eV can be.clearly résolved small energy gaps at the folding-back point, the band-gap
i : energy between the conduction and valence bands is nearly

Figure 7 shows the pressure-dependent luminescenc . :
spectra at 77 K. The crystal was excited by an argon ion Iase(fonStant because neither the bottom of the conduction band

at 2.54 eV (4880-A ling At 0 GPa, the excitation energy is nor the top of the valence band at thepoint change their
larger than the FE energy by only 0.05 eV; hence the FE i§Nergy-
generated directly by the source, which results in more in-
tense FE luminescence than DA pair luminescence. The FE
and DA peaks shift toward lower energies with increasing The hydrostatic pressure dependence of the Raman spec-
pressure. As a result, the same excitation light frequencira has been studied inH2Pbl, crystals at 77 K. At a pres-
increases the number of free electron-hole pairs over the FEure of Pp1=0.56+0.01 GPa, the number of Raman lines
exitons. Also, at 0.33 GPa, the intensity of the DA bandincreases abruptly from 2 to 14, indicating a structural phase
increases, whereas the FE intensity decreases. At pressutesnsition. The frequencies of the newly appearing Raman
above 0.62 GPa, the intensities of the FE and DA bandgeaks correspond well to those of the phonon branches at the
decrease gradually. This pressure region corresponds to tikeandA points in the BZ of the BI-Pbl,. These results are
high-pressure phase withy less than 0.63. This is much interpreted in terms of zone-folding effects related to the
smaller than the criticabc value of 1.64° where the state of formation of a 2<2 supercell along the basis vectdos
minimum energy of the FE band competes with the STEandc.
state. Then, in the high-pressure phase, the FE state should The absorption tail of the exciton transition in this crystal
become unstable and the STE state should be stable. Thetigas been examined at room temperature and 77 K under the
fore the remarkable reduction of the FE and DA pair lumi-pressure. All of the tail spectra can be well fitted by an Ur-
nescence intensities is due to the instability of the FE $fate. bach relation. When the pressure reachgs, the value of

The peak energies of the FE and DA bands are plotted abe steepness constant, decreases discontinuously from
a function of pressure in Fig. 8. The shifts are proportional tol.70 to 0.63. This extraordinary change in ting value is
the pressure in the whole pressure region with constant cattributed to the abrupt reduction of the exciton bandwidth at
efficients for the FE and DA bands of-153 and the phase transition.

IV. CONCLUSION
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