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AbSérption, Photoluminescence and Resonant Raman
: Scattering in BiI3

'Yves PetroffT, Peter Y, Yu, and Y, R. Shen
Department of Physics, University of California
' : and
Inorganic Materials Research Division,

Lawrence Berkeley Laboratory,
Berkeley, California, 94720

ABSTRACT

We have measured the absorption, photoluminescence,

and resonant Raman scattering in BiI, at low temperatures

3
~with a tuhable_dyellaser. Our results do not support the

"bielectron'model of Gross et al.

Absorption, Photolumineszenz und der resonante

Ramaneffekt wurde an Bil, bei tiefen Temperatur mit Hilfe

3
. eines durchstimmbaren Farbstofflasers gemessen. Die
Ergebnisse konnen nicht in Rahmen des nZweielektronenmodells"

(Gross'g&_él.)“erklﬁrt werden.
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I. Introduction

Recently Grose and coworkers'™* have reported observing a series of

lines in the absofption and luminescence spectra of Bil The frequen-

3°
cies of thesé liﬁes seem to oBey the equation:

vo=v, v+ -15,078 4 B2t @
with h =”3,4;5;6; hnd 7. This series converges towéfds.the iow frequency
side and therefqré hés the form of an "inverted" hydrogéﬁic series.

Gross et al;;f4véuggested that this series is due to #hé formation.of
»"bielectfdns" ér‘"biholes" in the crystal. A.bielectron (or bihole) is
formed by two eieétrons (or holes) with a negative reduced mass and B
coupled to each othef by Coulomb interaction to form;abhydrogen—like
bound state wi;h energieé given by an inverted hydrogenic series.

The question whether such bielectrons or biholégfcan exist br not
is an interesting one. So far, to our‘knowledge,bthére has Seen no |
direct e#perimental evidence on their existenée. Althoﬁgh thé bielectron
médel can adcéunt'for the energy of certain absorption and luminescence
1ines observéd by Gross et ai., there are difficultiés_ih reconciling
this model with ofher optical properties of BiIB. We have therefore
repeated the experiments of Gross et al. and, in additioﬁ,we have measured
the luminescénée excitation spectrum (LES) and the resonance Raman scat-
terings.(RRS) 1n_BiI3 using a CW tunable dye laser. We found that our
results canﬁotlbe:explained by the bielectron model. We are led to con-
clude that the line spectra observed by Gross et al. in 3113 is probably

due to impurities or defects as suggested by Timofeev and Vashchenko.6
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II.. Review on Properties of BiI, and the Bielectron Model

3

BiI3 crystallizes in layers with trigonal symmetry7 (space.group

2
31 ).

Reflectivity and absorptivity of B:lI3 have been measured by a number

c

of authors at liquid nitrogen and room temperatures.s-ll. According to
most authors, above the absorption edge of BiI3 there are a number of
sharp peaks,‘prbbably due to formation of excitons. By interpreting

these peaks'as being formed from a p-like valence band split by spin-

" orbit coupling, Evans8 obtained the lowest energy gap of 3113 as 2.33 eV

and spin-orbit splitting 0.38 eV at 77°K.
' Timofeev and Vashchenko6 found that at 20.4°K non-stoichiometric

BiI ctystals_shbwed absorptibu lines at 6166, 6205, 6221, 6231, and

3
6409 A below the fundamental edge. These lines disappeared at 90°K

: excépt the 64°9fA line. Later Gross et al.l’2 also observed these lines

in both absorption and photoluminescence spectra of 8113 at 4.2°K. They
noted that the first four lines fitted an "inverted" hydrogenic series
(Eq. 1) very wglliand with increase in_témperatufe these lines shifted
towards higher énergies while the absorptionAedge shifted in the opposite

direction. These observations and subsequent experiments3’4 led them to

‘propose the "bielectron" (or bihole) model.

In their bielectron modelz’4 (see Figure 1) a ébnduction band C1 is
partially filled while a higher conduction band 02 is empty. In analogy
with an excitdnlz the wave function of a system of two electrons (bielec-

trons), one in 01 and one in CZ’ is given by

- YEs _Z_ ok oy ('r'l)‘ v_ (r)) (2)
k kl,kz ki k2
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where §_ (r ) and ¥_ (r ) are the wave functions of the electrons in C

k K %ok '
and C2 respectively and @ > _ 1s the envelope function. The Fourier
k ,kﬂ oy .
transform @(rl,rz) of 1772 @E’E_ satisfies the equation:
A kl,k2 |
2 o o .
{-»: &) + B,y + } 8(¥;,T,) = (B - Ep) 6 (7,,T,) (3)
: € r, - T | ‘

where E (E ) and E (E ) ere the energy operators of an electron in C1 and

02 respectively, E is the energy of the bielectron, E0 is the energy

difference between C1 and C2

e is the dielectric constant. It is well-known that the:effective

at k=0; e is the charge of the electron and

mass approximation Q(EA,;E) can be written aslz:

- = 1k'R , — : : .
@(rl,rz) =e f}r) , o , ()
—_ - — m1r1+m2r2 :
where r = T; = Ty R = ——;GT:fE;—— (assuming C1 and C2 are spherical
- bands with effective masses m; and m, respectively) and ¢(r) satisfies
the equation:
23 2
=+ =10 = (€ - Ee (). - O

In Eq. (5) m'ie,the reduced mass of the bielectron and is given by
'.1'.=l'_+!:_. (6)
uoom m § _ )
If'u is positive, the electrons repel each other and no bound state is
formed. However, if the curvatures of Cl and C2 are such that u is nega-

tive then it is possible for Eq. (5) to have bound state solutions with

energies given by:
' 4
E=E + ¥ __ n=1,2,3... (7

0 theznz

According to Eq. (7) the absorption spectrum of a bieiectron will con-

sist of an "inverted'hydrogenic series. By choosing the right symmetries
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for C1 and CZ’ Gross et al.2 showed that it is possible to explain why
the n=1 and 2 lines are not observed.

III. Experimental Details

The single crystals of B:I.I3 used in our experiments were .grown from
. 99,999% pﬁre 3113 powder13 using the method of Evans.8 They Qere in the
form of plateleté wi;h the c-axis perpendicular to ;he plane surfaces.

A typical platelet measures 25 mm2 in area and about 100 u in thickness.
Measurements‘ﬁéVg been performed mainly on three samples (referred to as
samples A,B, and C) from three different melts. The difference between
these samples is that sample A was the result of our'first attempt to
grow these crystals,while samples B and C were grown more carefully

from BiI3 crystals which had been recrystallized. In particular, sample
- C was grown very carefully in a length of two days from crystals which
had been recrystallized three times.

All optiéal measurements were conducted on_the és—grown surfaces
.without’further treatment. Care was taken not to expose the crystals to
air for more‘than a few minutes since the crystals are attacked by air
gradually.' All measurements were performed with the crystals immersed
in 1liquid or gaseous He. The luminescence and Raman spectrum were
excited by a‘tuﬁaﬁle CW dye laser (Spectra Model 70) with typical output
powers of ~ 50 mW and linewidth ~ 0.5 A, The use of a tunable laser
enabled us to'measure the luminescence excitation spectrum and thé dis-

persion of the resonant Raman scattering.
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IV. Absorption, Luminescence gnd-Resonant Raman'Scattering in BiI3

A. Absorption

Figure ?.éhOWB the absorption spectrum of BiI3‘(sample A) near the
absorption edge obtained at 1.8°K. It is vefy simiiar to that reported
by Gro§s et al.l’2 For ease of reference we have labeléd the'peaks_as
A,B, C and sé oh; The peéks A,C,D and E have been found,by Gross et al.
-to qoincide ih_eﬁéfgy with the n = 3,4,5 and 6 membefs'of an inverted
hydrogenic seriés (Eq. 1). We note that the structures F and G do not
fit the series._jThey ha§e also been observed by Grdss.et'al. but no
_explanation was offered for their origin. 1In particulaf the G line has
been studied in Aetail by Timofeév'and Vashchenko6 Who.suggested that it
- is associated with impurity centers in the crystal.

When the temperature was increased we found all ﬁhe lines (including
F and G) broadened, weakened, and shifted towards higher energies. This
i8 contrasted b& the shift towards lower energies of the absorption
edge and other optical structures at higher energies..l4 We also found
that the 1n£énsity'of all these structures, except fhe peaklA, depends
strongly on the sample. These structures were strongest in sample A,
much weaker in-Sample B, and almost undetectable in sample C.

| | B. Luminescence

The luminescence spectrum of BiI3 (sample A) at 4.2°K excited by a
CW dye laser is also shown in Figure 2 for comparison with the absorption
spectrum. Unlike the absorption spectrum, our lumineécence spectrum is
gsomewhat diffe;ent.from that reported by Gross et al.2 Their_spectrum

1

ghows a huge broad band below 16,100 cm ~ with sharp peaks superimposed

on it. This is_ébsent in our spectrum. We believe this broad background
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is probably due to impurities or defects in the crystai.
In general, the luminescence spectra of all three samples we have
studied are similar. However, there is a slight difference between

1. The luminescence of sample C in this

samples A an&‘C below 16,100 cm
~region is sh;wn_in_the insert of Figure 2. It shows the appearance of
" the peak b‘and the absence of the fine structures in F.

The luminescence excitation spectrum of the line € is shown in
Figure 2. We note that the luminescence appears onl& when the:ipcident
photon energy is above the fundamental absorption edge (Eg) at
16,210 cm-l.v Aléo, the entire luminescence spectrum appeared or disap~
peared en bloc. No luminescence was detected when éheléxciting frequency
fell on one of the absgrption lines. Attempts to study the pdlhrization
dependence of the luminescence spectrum were not successful because of
‘the difficulty in preparing a sample surface parallel to the c-axis.

C. Resonant Raman Scattering »

So far thgre:have been very few theoretical or éxperimental ‘
studiesls~on tﬁé'phonpn=spectrum of BiI3. There are‘six atoms in each
- unit cell of]‘BiI3 so there are twenty~one zone-center optical phonons.
0f -these twei#e are infrared active and the rest are Raman active. To
-our knowledge no infrared measurements on crystalliné 3113 hafe‘been
reportedls.and only Raman studies of powdered crystals of BiI3 have been

16

performed by Kiefer, He observed Raman lines corresponding to phonon

energies 116, 140, and 176 cm T,
Due to the shape of our samples, all Raman spectra were obtained

in the back-scattering geometry on the surface perpendiéular to the

.c=axis. In this geometry, we have only two possible polarization
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: configurétions: .(a) polarization of the incident 1igh; (éi) pafallél
to that of the‘écattered light‘(és) and (b) & 1 ésé from the symmetry

" of tﬁe Raman tensorl7 for 0312 we found that all three Réman-activewmodes
<T1i I, and T3) are allowed for case (a) while dnly_Pz_and I'; modes grév
allowed for case (b). Thus, with our scéttgring geometry we can deduce.
oﬁly the symmgtry of the Pl modes. Also the frequencies of our laser
éutput are in.fhe region of resonance so that the selection rules can be
compliéated by»re.sonance-effects.v18

bFigﬁre 3(a) shows a Raman spectrum of BiI3 excited by the dye laser

with frequencj‘16,01l cm ! which 1s below the absorption edge. This partiéular

" spectrum was obtained with sampié'bdgai unlike the luminescence and

. abgorption spectra‘there was no difference between the Raman spectra of E
all three samples. In Figure 3(a) we see one very strong and gharp_Ramén
line at 111+2 cm_l and much weaker lines at 56, 94, and 220 ém_l. The

—

symmetry of the 56, 111, and 220 en ! lines was found to be ri;

As the ftequency of.the dye laser was varied, a new Raman lines
began to appear and disappear indicating that there ﬁere strong resonanée
gffects. As:éﬁ example, Figure 3(b) shows the Raman spectrum of 3113
exéited by a 16;356 p— laser. The Raman lines, deﬁoted by R, are noﬁ'
éuperimposed on'thé luminescence. We note that the weak 220 cm"1 line
in Figure 3(;) ié now as strong as the 110 cm_1 1line wﬁile a new line
appears at 132 cmhl. By varying the dye laser frequency bétween
16,000 cm'_1 and 17,550 cﬁ-l, we have observed a total of 11 lines in the

Raman spectrum of BiI.: 40, 56, 76, 94, 111, 132, 149, 165, 186, 220,

3:

~and 243 cm-l; We have also observed breakdown in the selection rule of
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some of the.lihgs at resonance.

Figure 4 shows the variation in the intensity of‘the scattered
light (after correction for dispersion in the opticai'system) as a
function of incident photon energies for a few of the-gtronger Raman
~ lines. Aroundffhe absorption edge the absorption coefficient usually
changes rapidly and it is often necessary to correction the data for the
change in the penetration depth of light by multiplying the cross-section
by the sum of fﬁé incident and scattered absorption_constants.l9 As we
do not have réliéble data on the absorption coefficients of 8113 above
the absorptién’edge at 4.2°K, this effect has not been corrected for in
Figureé 4 and 5. However, we should point out that since the structures
in the Raman intensity shown in Figures 4 and 5 are‘very sharp compared
to the smooth abgorptipn curve of samples B and C (in which resonant
Raman‘scattering was measured), this absérption correction should not
introduce any newbstrﬁctures nor change the position of the structures

in Figures 4'aﬁd 5. Therefore, our discussion in the next section will
not be affected by this correction. In Figure 4 we have also shown the
reflectivity spectrum of BiI, (4.2°K) 1s this frequeﬁcy range. The
strong maximum at 16,750 cm”l has been reported beforesflo and has been
suggested to Be excitonic in nature.

Figure 5 gshows the dispersion of the intensity of six Raman lines of
3113 in the région of the :: . "bielectron" series. The curves
have been dispigced vertically for clarity. We note that all six curves
show gome structures in this frequency region but most of the sharper
structures dolnéttcoincide in energy with any of the lines A, B, and C,

etc., In fact, they tend to occur inside the abéorption continuum where
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there are no shaép structures in the optical spectrum. .Also there
appears .to be ho}correl&tion between the position of-thé peaks ih dif-
ferent Raman linés. This is no longer true 1f we piof the intensity of‘
these lines as a function of the freduency of the scattered photon. The
result is shown'in Figure 6. We now find that.the sharp structures in
Figuré 5 ali'fa;l on one of lines A, B,-C; and so cn.v'Cleafly the strong

1 and 130 cm‘l lines are due to

peaks in the intensity of the 220 cm
resonance of their scattered ﬁhoton frequency with the stfong line C
in the luminescence.

V. Discussion |

Before diséﬁésing our results on BiI3 and their interpretation with
respect to the bielectron model of Gross et al., it is important to
stress that our experimental results basically agreé‘with those of Gross
et al. |

In their‘papere, Gross et al. have based their bielectron model
mainly on the fact that some of the lines they obse:;ed.obey an inverted
hydrogenic seriés.' They did not explain why the iiﬂes F and é were not
included in thé géries, although our results indicate that they are not
, diffe:ént from Ehé 6ther lines. There was also no attempt'to fit the
intensity of the different lines to theoretical pre&idtioﬂs baeed on
their model. . Alsé, it is not obvious that the bielectron model can
-explain the unusual temperature coefficient of these lines.

~ When we tried.co explain our luminescence and tesonané Ramén data
with the bielectfon model, we ran into difficulties. From the lumines-
cence excitation spectrum we found that all the lumingecence disappeared

together when the incident photon energy is below_the:ébsorption'edge.
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~ This absorptién edge is generally agreed to be due to electronic trans-

8-10 Thus, our result

itions from the valence to the conduction band.
-indicates that the incident = photon excites an electron from the valence
~ band to the céﬁduétion_band, the electron or hole reiaxes into one of the
bielectron or bihole states and then decays radiatively. This process is
different ffo@:whét Gross et al. proposed (as shown in Figure 1). 1In

their model the:electfon is excited from the parfially filled conduction

band C, to a higher conduction band instead of from the valence band.

1
- This model can be réconciled with our result only if: this transition
.coincides exaétly»in_energy with the fundamental absorption edge. This
would be very.unlikely and furthermore it still fails to explain why

the lower bielectron lines (e.g., the C line) were not obéerved even when
. the upper bielectron states (e.g., the A line)‘were excited. ‘It is-also
difficult to exﬁiaiﬁ the resonance Raman scattering results with the
bielectron deelL If the blelectron lines were indeed members of the
same series it is not obvious why the 220 and 130 cm.“1 lines resonate
strongly with the C line but not with the other lines or why the 56 cm.-1
1ine resonates with only the A and B lines. We therefore conclude that
although the'bielécpron model is conceptuélly appealing in explaining

the energy of the A, C, D, and E lines, it fails to explain our lumines-
cence and-resopant Raman scattering results,

" Putting aside the bielectron model, we can nevertheléss asgert that
the lines A, ﬁ, C, D, E, F, and G are electronic levels, probably asso-
ciated with impurity or vacancies in the crystal. They cannot be asso-
clated with phoﬁone. If they were, they would appear at low temperatures

in either the absorption or the luminescence spectrum, but not both.
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This" assertion is also supported by our resonant Ramanbscattering results.
If" the line C for example,.were a phonon side band of an electronic (or

_excitonic) level it is difficult to explain why two apparently unrelated
phonons (130 and 1220 ¢m” ) will show resonance at c. On the other hand
if these leuelsjwere.eiectronic (or excitonic) it is posSible to explain
_ our result; tkeEently; strong‘enhancements in Raman cross—seetion:have‘
. been obserued.in Cuéozolwhenvthe incident photon energy 1ies in an |
absorption continuum and the.scattered photon~energ§ 45 resonant with an
excitonic level;' in that case, it was shoun conclusively that tﬁe strong
enhancement in tne gaman scattering wasua consequence of the resonance' |
in both the inoident'and scattered photon energies (double resonance);

- It 1s”quite iikeiy that similar double resonances are responsible for
the sharp peaks observed in the 40, 220, 130, and 76 cm“l phonon lines
of Bil, (see fiéure 6). |
| 'Timofeev and Vashchenko6 found, as we did also, that the sharp
‘lines C D and so on in the absorption spectrum depends on the sample
‘and they suggested that these lines are due to excess Bi in the crystal.
Our resonance Raman scattering results indicate that the different lines
may even be associated with different impurities. It is éonceivable
that a phonon‘mode involving mainly, for example, the iodine atoms will
couple more strongly to an impurity or vacancy at an iodine site. This
can also explain why we can optically excite the A line and do not

'observe luminescence from the other lines. If interaction between dif-

errent defect. centers are weak, excitation at one center would not be
effectively transferred to another center to cause the latter to fluo-

resce. More studies on samples with controlled impurities will help to
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establish ch¢ §r1g1n of the individual lines. We shQuld_poinc out,
however, that no explanation is presently available to account for the
temperature'aepe@&ﬁce of these lines.

In conciugion, we have measured the absorptioﬁ and luminescence
spectra of BiIs*at low temperatures. We have confirmeé*the existence
of a series of lines obeying Eq. (1) in those spectra as reported by
Gross et al. Wé:have, in addition, measured the luminéscence excifation
spectra of those lines and the resonances in the Raman scattering around
them. We foﬁnd that our results do not suppoft the bielectron model
proposed By Grdss et al. Instead, we are led tp cohciude that these
lines are eléctfonic levels associated with impﬁritieé or defects in the
crystal as has been suggested by Timofeev and Vashchenko;

We are indebted to Prof. C. Kittel for"bringing this problem to our
‘attention and for helpful discussions. We are also grateful to Professor
M.L. Cohen and Lf'Falicov for numerous discussions. This work was

sponsored under the auspices of the Atomic Energy Commission.
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Figure Captions

1. The bielectron model pro?osed by Gross et al. in Reference 2.

‘ Cl and 02 are two conduction bands separated by an éﬁergy gap Eo.

Fig.

n = 3, 4,'5, and 6 denote the bielectron levels. _Stéps 1 and 2 denote

the absorption'and luminescence processes respectively.

2. Absorption, luminescence and luminescence excitation spectra of

) BiIa. vSolid line 1is the luminescence spectrum of sample'A at 4,2°K.

Fig.

Fig{

Fig.

Dotted 1iné"is,the‘absorption spectrum of sample A.at 1.8°K. The

insert showé tﬁéAiuminescenée bf sample C inkthe region whére it differs
from sample A}l-;;_- o s 4——_”13 the 1umineécénceﬂexcitétion
speétrum’f6f peék‘C in sémple C at 4.2°K. -

3. Raman specfra of Bi_I3 (sample C) at 4.2°K exci#ea by two different

laser frequenéies (a) 16011 cm—l. (b) 16356 cm_l.:_The peaks déhoted

by R in (b) are_ﬁhe Raman peaks as distinct from ﬁhe luminescence peaks

4. Dispersion in the Raman intensity of 4 Raman lines of BiI, (sample C)

at 4.2°K: —— & —— A —— 111 cn ' 0 —mmm 0 wmmw 220 cm’ L,

S— b sl o : 56 cm—l, and ~—— @ ——— g ———n R ———

149 cmﬁl. The numbers next to each curve give thelféctor which the vertical
scale has béenvmultiplied for each curve. The solid_cﬁrve is the

reflectivity of Bil, at 4.2°K.

3

‘5. Dispersioﬁ in the Raman intensity of 6 Raman lines of BiI3 (sample C)

at 4.2°K as'é;fdnction of incident photon frequencies: — A - A
111 cm—l, e O e e 220 cm'l, — ¥ V —— 130 cm‘l,
B, T 40 cm-l,, . . 56 cm-l, and B ———n

76 cmfl. The zeroes for the vertical axis of the different Raman lines

havé been 613placed vertically for clarity. They are denoted by the



~17- ~ LBL-1890

horizontal béfé»with the.corresponding frequency abovg them. The
numbers next to each curve give the factor which the vertical scale
- must be multip_l‘ied for each curve.
Fig. 6. The curQes_in Fig. 5 plotted as a function of the frequency of the

scattered radiation.
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RAMAN INTENSITY (arb. units)
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LEGAL NOTICE e

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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