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Multimode transitions of the tetrahedral MO4 units „MÄSi,Ge,Ti… in sillenite single crystals
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Multimode transitions of the tetrahedral unit modes in Bi12SiO20 ~BSO!, Bi12GeO20 ~BGO!, Bi12TiO20

~BTO!, and mixed (12x)BSO•xBGO sillenite crystals have been studied using Fourier transform infrared
absorption spectroscopy, with a resolution as fine as 0.04 cm21 in the 600–3500-cm21 wave number and
9–300-K temperature ranges. Up to four-mode transitions~overtones of theF mode and combinations ofF and
A modes! were detected in BGO, BSO, and BTO, and up to three-mode transitions in the mixed crystals. The
F-mode anharmonicity parameter, evaluated in the framework of the Morse oscillator model, was in the range
0.003–0.006. TheA-mode anharmonicity was found to be still lower. Fine structures of theF-mode absorption
were observed and attributed to the LO-TO splitting of theF mode; in the case of BSO, additional structures
due to the natural abundance of Si isotopes were detected. The transitions monitored in the mixed crystals were
well described by a two-mode behavior. The temperature dependence of the line position and width was
studied as well. ‘‘Red’’ and ‘‘blue’’ shifts were observed for different lines: the results were analyzed by
considering thermal expansion and anharmonicity effects.
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I. INTRODUCTION

Bi12SiO20 ~BSO!, Bi12GeO20 ~BGO! and Bi12TiO20 ~BTO!
sillenite single crystals are large gap semiconductors. T
exhibit many interesting properties such as photoconduc
ity, the electro-optic effect, piezoelectricity, and photorefra
tivity. Such properties make these materials attractive
technological applications in the fields of optical memori
holography, and optical phase conjugating devices.1–3 Many
important properties of sillenites exploited for different a
plications are either determined or affected by impuriti
Many dopants, present even in small concentrations, ca
monitored by means of absorption spectroscopy. Theref
it is of key importance to have a complete and detai
knowledge of the absorptions of the host material, in orde
separate the intrinsic contributions, even the weak ones
for example, those due to multiphonon transitions, from
extrinsic ones, coming from electronic and vibrational tra
sitions induced by impurities.

Sillenite single crystals have a bcc structure with theMO4
tetrahedra~M5Si,Ge,Ti! located at the corners and at th
center of the cubic unit cell.4 An interesting feature of thes
crystals is the presence of only one non-bismuth metal a
in a formula unit of 33 atoms. Thus, for example, in BS
there is only one Si for every 12 Bi, and only four of 2
oxygens are involved in SiO4 tetrahedra.

Furthermore, Bi is so massive that to a first approximat
it defines a fixed matrix surrounding each SiO4 tetrahedron.
This suggests5 that the part of the phonon spectrum asso
ated with the internal vibrations ofMO4 may be treated as
0163-1829/2002/66~17!/174307~12!/$20.00 66 1743
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set of noninteracting~Einstein! oscillators in the sense tha
the internal vibrations of one SiO4 tetrahedron will be only
weakly coupled to the internal vibrations of other SiO4 tet-
rahedra.

The vibrational spectra of sillenites have already be
studied by means of infrared~IR! reflectivity,6,7 absorption,8

Raman9–13 spectroscopy measurements, and theoret
calculations.5 In the wave number regionv,600 cm21 the
vibrational frequencies differ only slightly in the differen
matrices and are attributed to the vibrational modes of Bi a
O in Bi3O4 and Bi3O units. For 600 cm21,v,850 cm21

the reflectivity and Raman peaks are characteristic of a gi
matrix and have been attributed to the asymmetricF and
symmetric A stretching modes in theMO4 tetrahedral
unit,5,6,8–13in agreement with the above assumption that
tetrahedra are weakly coupled to each other. Two- and th
mode transitions related to the tetrahedral unit vibratio
have been detected by optical absorption measurements
formed mainly at room temperature.14–17

In the present work, FTIR absorption spectroscopy in
600–3500-cm21 wave number and 9–300-K temperatu
ranges was applied to study the overtone and combina
transitions of the tetrahedral unit vibrations~up to four
modes! in BSO, BGO, and BTO crystals, and the anharm
nicity contributions were evaluated. The analysis was
tended to mixed Bi12GexSi12xO20 @(12x)BSO•xBGO# sys-
tems to investigate if the two-mode behavior17,18 could
provide a satisfactory description even for the two- a
three-mode optical transitions. The use of low temperat
and the availability of a resolution as fine as 0.04 cm21 were
©2002 The American Physical Society07-1
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of key importance in detecting fine structures which co
otherwise have been missed. Only in this way could a co
plete description and a unified interpretation of the inter
vibration modes of theMO4 tetrahedral units in the thre
most important sillenite crystals and in one of their alloys
made possible. Furthermore, a thorough analysis of even
details, for example the quantitative description of the iso
pic and anharmonicity effects, shows how theMO4 units in
materials of technological interest can be regarded a
model system to test basic concepts of vibrational spect
copy.

II. EXPERIMENTAL DETAILS

The reagent powders used to grow crystals were Bi2O3
and GeO2 prepared from 5N pure metal rods by chemic
digestion, while SiO2 and TiO2 were Johnson Matthey grad
A1 oxides.

BSO, BGO, and mixed (12x)BSO•xBGO crystals were
grown in air by the balance controlled Czochralski techniq
using resistance heating and platinum crucible.19 The boules
were pulled along the@001# direction. BGO seeds were use
for growing mixed crystals. The incongruently melting BT
crystals were grown from solution by the top seeding te
nique. The melt was prepared from the mixture of Bi2O3 and
TiO2 compounds in the molar ratio of 8:1. The crystals we
pulled on BGO seeds, along the@001# direction.

In the mixed crystals (12x)BSO•xBGO the nominalx
fraction was 0.25, 0.5, and 0.75. However, lattice const
measurements19 and chemical analysis showed that the a
tual Ge and Si fractions in the crystals were different fro
the nominal ones, as shown in Table I. The chemical anal
of Si and Ge was performed by means of inductively coup
plasma~ICP! emission spectroscopy.

Weak traces of S were detected in a few samples
monitored by the characteristic SO4 vibrational absorptions
@Figs. 2~c! and 4~a!#. Oriented samples were cut in the sha
of parallelepipeds and the~100! faces were polished. Th
cross section was;1 cm2 and the thickness was in the rang
0.1–24 mm. To measure the IR spectra in the high absorp
region, chips of sillenite single crystals were finely grou
and mixed with KBr powders in the weight ratio of 0.01
0.08 g. Pellets were then prepared from the mixed powd
such that the sillenite equivalent thickness in the pellets
only ;2 mm.

The optical absorption measurements were performed

TABLE I. Comparison between the nominal Ge fraction~added
as BGO to the melt! x and that measured by chemical analysisxm in
(12x)BSO•xBGO mixed crystal samples. The chemically det
mined Si fraction (12x)m and the measured~Ref. 19! lattice con-
stanta are also listed.

x xm (12x)m a
~mol/mol! ~mol/mol! ~mol/mol! ~Å!

0.25 0.63 0.40 10.121 8860.004 62
0.5 0.477 0.505 10.108 4060.012 02
0.75 0.75 0.224 10.124 8360.011 10
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means of a Bomem DA8 Fourier transform infrared~FTIR!
spectrophotometer operating in the range 200– 4000 cm21,
with an apodized resolution as fine as 0.04 cm21, and
equipped with a mercury cadmium telluride detector, coo
at liquid nitrogen temperature. The spectra were recorde
the range 9–300 K, by placing the sample in a 21SC mo
Cryodine Cryocooler of CTI-Cryogenics.

III. RESULTS

BSO, BGO, and BTO samples were analyzed at 9 K
FTIR spectroscopy in the range 600–3500 cm21. As shown
in Fig. 1~a! for BGO, Fig. 2~a! for BTO, and Fig. 3~a! for
BSO, a broad, structured peak appears in the spectral r
600–850 cm21. The absorption spectrum in this regio
could be measured only on a pellet in which the sillen
equivalent thickness was drastically reduced by the dilut
into KBr powders, as noted in Sec. II. In fact, if crystal slic
even as thin as 0.1 mm were used, the peak absorbance
out of scale; in this case neither the shape nor the band

FIG. 1. Optical absorption spectra of BGO single crystals m
sured at 9 K in different spectral regions: the absorbance is plot
vs the wave number. The spectrum~a! in the low wave number
range was measured on a KBr1BGO pellet, due to the high absorp
tion coefficient of BGO. The spectra in the other regions were m
sured on massive samples of different thicknessesz: z51.2 mm~b!,
z51.2 mm~c!, andz540 mm ~d!. The assignment of most of th
lines to overtones of theF mode and to combinations ofF and A
modes is shown.
7-2
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sition could be accurately determined. Two strong lines w
detected in the range 1300–1700 cm21 by measuring the
spectra of 1.2-mm-thick samples, as shown in Figs. 1~b! and
2~b! for BGO and BTO, respectively. The BSO spectrum
the same region shows additional weaker bands, as displ
by curve 1 in Fig. 3~b!. In the same samples three lines we
monitored in the range 2000–2400 cm21, but they are much
weaker; this can be seen by comparing the absorbance s
of Figs. 1~b! and 1~c! for BGO, of Figs. 2~b! and 2~c! for
BTO, and of Figs. 3~b! ~curve 1! and 3~c! for BSO, respec-
tively. In order to detect the spectra in the range 2600–3
cm21, a sandwich of three samples~the total thickness being
40 mm! was used. Four bands were detected in BGO@Fig.
1~d!# and BSO~Ref. 17! @Fig. 3~d!#, while only a weak one
was found in BTO. The band positions, measured at 9 K,
different matrices are listed in Table II.

The absorption spectra of mixed (12x)BSO•xBGO crys-
tals were measured in the same spectral regions: bands
detected in the 600–850-, 1300–1700-, and 2000–25

FIG. 2. Optical absorption spectra of BTO single crystals m
sured at 9 K in different spectral regions: the absorbance is plot
vs the wave number. The spectrum~a! in the short wave numbe
range was measured on a KBr1BTO pellet, due to the high absorp
tion coefficient of BTO. The spectra in the other regions@~b! and
~c!# were measured on massive samples of thicknessz51.2 mm.
The assignment of the most of the lines to overtones of theF mode
and to combinations ofF andA modes is shown. The narrow line a
;2040 cm21, which overlaps the broader 2F1A peak, monitors
the presence of S61 traces in the sample, because it originates fr
an F1A mode excitation of SO4 tetrahedra~Ref. 21!.
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cm21 ranges. It is worthwhile noting that the bands observ
separately in BGO and BSO samples, are present togeth
the mixed samples; this is shown in Fig. 4, where the spe
in the 1900–2500 region of the two end-members BGO a
BSO and of two mixed crystals are displayed as examp
The amplitudes of typical BGO and BSO bands may be s
to scale with the Ge and Si fractions, respectively. This
servation is quantitatively confirmed in Fig. 5, where t
areas under all BGO lines~in the 1990–2120-cm21 range!
and those under all BSO lines~in the 2360–2480-cm21

range! show a rough linear dependence on the Ge and
fraction, respectively. The BGO bands shift to lower wa
numbers by increasing the Ge fraction, while the BSO o
shift to higher wave numbers by decreasing the Si fracti
An example of these trends is given by the insets in Fig
for a BGO band~on the left! and for a BSO band~on the
right!, respectively. It is noted that the separation betwe
the BGO and BSO lines decreases slightly by increasing

-
d

FIG. 3. Optical absorption spectra of BSO single crystals m
sured at 9 K in different spectral regions: the absorbance is plot
vs the wave number. The spectrum~a! in the low wave number
range was measured on a KBr1BSO pellet, due to the high absorp
tion coefficient of BSO. The spectra in the other regions were m
sured on massive samples of different thicknessesz: z51.2 mm
@~b!, curve 1#, z51.2 mm ~c!, andz524 mm ~d!. The assignment
of most of the lines to overtones of theF mode and to combinations
of F and A modes is shown. In~b!, curve 2 is related to a BGO
crystal ~1.8-mm thick! in which Si is present as an impurity, th
atomic fraction Si/Ge being;3.5%. Lines related to different S
isotopes,28Si, 29Si, and30Si, respectively, are indicated by arrow
7-3
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deviation from the extreme compositions~Fig. 4 and
Ref. 17!.

The temperature dependence of the lines was studie
the 9–300-K range. By increasing the temperature from 9
300 K, the bands shift and broaden, and most of the wea
lines and the fine structure are lost: for example, of the
lines displayed at 9 K in BSO @Fig. 3~b!, curve 1# only three
are detected at 300 K. The amount and sign of the therm
induced band shift depend both on the specific line and
the M41 considered, as shown in Fig. 6 for the lines d
played in the 1300–2500-cm21 range for a mixed (1
2x)BSO•xBGO sample (x50.477). In this way the behav
ior of the absorptions typical of BSO and BGO could
contemporaneously investigated in the same sample. W
regard to the BGO absorptions, a small ‘‘red’’ shift~i.e., to-
ward the lower wave numbers! is observed for the 1358
cm21 line and a ‘‘blue’’ one for the 1392.7-cm21 line, the
shift being less than 2 cm21 over the 9–300-K range@Fig.
6~a!#. Both the BSO lines at 1605.4 and 1652.5 cm21 show
blue shifts of 5 and 3.5 cm21, respectively@Fig. 6~b!#. In the

TABLE II. Band positions at 9 K~in cm21) for different sille-
nites are listed considering their attribution. In the BSO column
superscriptsa, b, andg indicate the band positions related to d
ferent isotopes,28Si, 29Si, and30Si, respectively. The bands attrib
uted to theF-TO andF-LO modes are indicated by the subscrip
TO andLO, respectively. The error in the position determination
less than 0.5 cm21, unless otherwise stated.

BSO BGO BTO

830.6a

FTO 82361b 679.8 667
817.8g

FLO 83961 68861 68061
A 785a 715a 715b

1607.4a

FTO1A 1602.2b 1390.761 1379.161
1595.9g

FLO1A 1618.4 1400.761 139361

1652.9a

2FTO 1642.1b 1355 1336
1630.6g

FTO1FLO 1662.3 134861
2FLO 1674.761 137361

FTO12A 2383.4 2100.9 208762
2FTO1A 2426.8 2064.9 2039.8
3FTO 2461.4 2021.7 198761

FTO13A 3155.8 280762
2FTO12A 3195.7 277362
3FTO1A 3228.1 2731.9
4FTO 3265.1 2687 264562

aFrom Ref. 10.
bFrom Ref. 11.
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2000–2400-cm21 range all lines exhibit a blue shift, which
is small~2–3 cm21) for the BGO lines@Fig. 6~c!# and larger
~7–13 cm21) for the BSO lines@Fig. 6~d!#. Small blue shifts
are observed for the BSO lines in the region 600–850 cm21.

IV. DISCUSSION

A. Vibrational modes of the tetrahedral XY4 molecules
and attribution of the observed spectra

The normal vibrations of a free tetrahedralXY4 molecule
are four:v1, which is non-degenerate (A-type according to
the group theory classification!; v2, which is doubly degen-
erate (E type!; andv3 andv4, which are both triply degen-
erate (F type!. Only theF-type vibrations (v3 andv4) are
active in the infrared, while all are Raman active. As a ru
for XY4 molecules the two highest frequencies arev1 and
v3, the other two being much lower.20

As discussed in Sec. I, as a first approximation suc
picture can be extended to the vibrations of the tetrahe
MO4 units in sillenites, although they might be affecte
slightly by the surrounding network of Bi and O ions. B
tween the two IR-active frequencies, i.e.,v3 and v4, only
the former, being higher, can be separated from the B
vibration modes responsible for the absorption at low wa
numbers~below 600 cm21) and common to all sillenites
Moreover,v3 depends on the nature ofM41. Therefore the
band observed in the 600–850-cm21 region in Figs. 1~a!,
2~a!, and 3~a! is attributed to an asymmetricF stretching
mode v3 of the MO4 tetrahedral unit.6,8 We may call the
frequency of such a peakvF . The symmetricA stretching
mode (v1) of MO4 is not IR active and can be detected on
by Raman spectroscopy.9–13

The two strong lines monitored at wave numbers wh
are roughly twicevF in the range 1300–1700 cm21 are in-
terpreted as a combination band of theF andA modes, and
as an overtone of theF mode, respectively. In fact, for ex
ample in BGO, the wave number of the peak monitored
1390.7 cm21 is very close to the sum~1394.8 cm21) of the
F-mode~679.8 cm21) andA-mode~715 cm21) wave num-
bers, and the wave number of the peak detected at 1
cm21 is very close to twice theF-mode~679.8 cm21) wave
number, 1359.6 cm21 @Table II and Fig. 1~b!#. This means
that the absorbed photon simultaneously excites A an
modes in the former case, while it induces a transition fr
the ground state (v350) to the level withv352 in the latter
(v j being the vibrational quantum number related to thev j
mode!. The small wave number difference between the c
culated and the measured values, which is of the order
few parts per thousand, is accounted for by anharmoni
effects in Sec. IV C.

Similarly, the bands in the other two regions are attribu
to overtone transitions of theF mode (Dv353,4) and to
combination transitions, in which one~or more! F modes~IR
active! plus one~or more! A modes~IR inactive! are simul-
taneously excited. The detailed attribution scheme is repo
in Table II.

Therefore, the spectra displayed in Fig. 1 are due to tr
sitions in which only one vibrational mode is excited@Fig.

e
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FIG. 4. Spectra in the region 1900–2500 cm21 of (12x)BSO•xBGO crystals: the absorbance is plotted vs the wave number.
thickness of all samples is 1.2 mm. The values ofx are the following~according to Table I!: curve a, x50 ~i.e., BSO!; curve b, x
50.477; curvec, x50.75; curved, x51 ~i.e., BGO!. It should be remarked that in the end-member BSO spectrum~curvea! the two narrow
lines, at;2045 and 2156 cm21 monitor the presence of S61 traces in the sample, originating from theF1A and 2F mode excitations of
the SO4 tetrahedra, respectively~Ref. 21!, while the line at;2030 cm21 is not related to Ge impurities, but rather to a combination of B
intrinsic vibrational modes. Inserts at the top display the position of the lines due toF-mode overtones (Dv353), as a function of the Ge
and Si fractions~listed in Table I! in mixed (12x)BSO•xBGO crystals. The data are taken from curvesa, b, c, andd, and from the spectrum
related tox50.63, not displayed in the figure for the sake of clarity. The left and right panels are related to GeO4 and SiO4 vibration modes,
respectively. All measurements were performed at 9 K.
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1~a!#, or two @Fig. 1~b!#, or three@Fig. 1~c!#, or four @Fig.
1~d!# are simultaneously excited, i.e., one is dealing with
‘‘multimode’’ spectra of BGO. The amplitude of these line
decreases drastically, as expected, by increasing the nu
of the modes simultaneously excited. This can be verifi

FIG. 5. Area~i.e., absorption coefficient times wave numbe!
under the complex absorption spectrum~Fig. 4! due to the three-
mode transitions of theMO4 tetrahedron vs theM41 fraction~listed
in Table I! in mixed (12x)BSO•xBGO crystals. On the left,
M415Ge41 ~the area is evaluated in the 1990–2120-cm21 range!;
on the right,M415Si41 ~the area is evaluated in the 2360–248
cm21 range!. The measurements were performed at 9 K.
17430
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easily by comparing the thickness of the samples used
the absorbance scale in each of Figs. 1~a!, 1~b!, 1~c!, and
1~d!. Similar considerations can be extended to BTO~Fig. 2!
and BSO~Fig. 3!.

The basic assumption that theMO4 vibrations can be re-
garded as internal vibrations of nearly isolated groups is a
supported by comparing, in theF1A and 2F mode regions,
the absorption spectrum of a pure BSO@Fig. 3~b!, curve 1#
with that of a BGO, doped with Si~the atomic fraction Si/Ge
being;3.5%), @Fig. 3~b!, curve 2#. In this case silicon en-
ters the BGO matrix and substitutes for a germanium te
hedrally coordinated by four oxygens: thus SiO4 tetrahedra
are ‘‘diluted’’ within the BGO matrix.21,22Except for a small
shift of the peak positions~less than 4 cm21) toward lower
wave numbers in the BGO: Si sample@Fig. 3~b!, curve 2#
with respect to those in the pure BSO@Fig. 3~b!, curve 1#,
and for the shoulders occurring on the high energy side
theF1A and 2F peaks in BSO and missing in BGO: Si, th
two spectra are very similar. This similarity stresses that
internal vibrations of the SiO4 tetrahedra in BSO are pract
cally the same as those of the SiO4 units diluted into the
BGO matrix. Furthermore, the diluted units are affected o
weakly by the surrounding GeO4 tetrahedra. The small pea
position shift is accounted for by the larger lattice constan
BGO with respect to that of BSO~Sec. IV D 2!, while the
absence of shoulders in the BGO: Si spectrum is discusse
detail in Sec. IV B 2.

From an inspection of the data listed in Table II and
Figs. 1–3, where the line attribution is displayed, it turns o
7-5
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FIG. 6. Temperature dependence of the line positions in the ranges 1300–1700~two-mode transitions! and 2000–2500 cm21 ~three-mode
transitions!, respectively, in a mixed crystal (12x)BSO•xBGO with x50.477.
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that in BSO the frequency of theA mode is lower than that o
theF mode, while in BGO and BTO the reverse relationsh
holds. This means that the ratiov1 /v3 depends on the natur
of theM41: such a behavior is consistent with that observ
in a wide class of freeXY4 molecules.20 In fact, bothv1 and
v3 depend on the force constant betweenM41 and O, but
the latter depends also on the mass of the centralM41 while
the former does not, asM41 is immobile in the symmetric
mode vibration.23

B. Fine structure

It is worthwhile noticing that the spectra of BSO in a
regions investigated display a fine structure, which is abs
~or, at least is less marked! in BGO and BTO; this is evident
for example, by comparing the two-mode spectrum of F
3~b! ~curve 1! with those of Figs. 1~b! and 2~b!. This struc-
ture can be explained by considering the isotopic effects
M41 and the longitudinal-optical~LO! and transverse
optical ~TO! splitting of theF-type v3 mode.

1. Isotopic effects

The isotopic effects are particularly evident in the case
BSO. In fact, in addition to the most abundant28Si
~92.21%!, 29Si and 30Si are present in natural abundances
4.7% and 3.09%, respectively. For the one-mode transi
two shoulders at wave numbers shorter thanvF are
17430
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f
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n

present.17 These can be attributed to the isotopic replicas d
to 29Si and 30Si of the main peak at 830 cm21 which is due
to the most abundant28Si, in agreement with the Rama
spectroscopy results.9 In the case of the two-mode transition
the isotopic effects are also clearly detectable: it is poss
to distinguish the isotopic replicas of theF-mode overtone
and of theF1A combination band, as shown by Fig. 3~b!
~curve 1!. Such peaks are also present in the case of S4

tetrahedra diluted into BGO, as shown in Fig. 3~b! ~curve 2!.
The above hypothesis can be checked by calculating

rectly the v3 frequency of the SiO4 unit for the different
silicon isotopes. We have done this using the vibrational m
trix of Wadia and Balloomal24 along with the force constant
of Wojdowski.5 For the fundamentalF transition the pre-
dicted values for the various silicon isotopes arevF,calc

(28)

5830.0 cm21, vF,calc
(29) 5823.4 cm21, and vF,calc

(30) 5817.0
cm21, which may be compared to the measured valu
vF,expt

(28) 5830.6 cm21, vF,expt
(29) 582361 cm21, and vF,expt

(30)

5817.8 cm21. The agreement between the calculated a
experimental values is excellent, supporting the above a
bution.

The relative amplitude of the peaks can be compared w
the natural abundance of the silicon isotopes. This has b
done for the 2F overtone spectra~which are better resolved
than those related to the fundamentalF transition!, by using
different samples. One was a very thin~0.1 mm! BSO crys-
7-6
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tal: in this way the amplitude of the peak at 1652.9 cm21,
attributed to the most abundant28Si, could be measured@in
the case of a thicker crystal, as that of Fig. 3~b!, curve 1, it
was out of scale#. The others were two BGO: Si samples, t
spectrum of one being displayed by Fig. 3~b! ~curve 2!: in
this way the amplitude of all peaks could be easily measu
since the SiO4 tetrahedra are diluted into the BGO matrix

The relative amplitudes of the peaks related to28Si, 29Si,
and 30Si were (92.3460.52)%, (4.6860.51)%, and (2.98
60.27)%, respectively, while the natural abundances
92.21%, 4.7%, and 3.09%, respectively. This excellent ag
ment strongly supports the hypothesis that the isotopic
fects are observed in the vibrational spectra of SiO4 tetrahe-
dra in BSO and BGO sillenites.

BGO and BTO spectra do not show a fine structure,
only a line broadening is observed. In fact, due to the hig
atomic masses of Ge and Ti, the relative mass changes
duced by the neighboring isotopes, are small and give
only to a line broadening.

2. LO-TO splitting of the F mode

Figure 3~b! ~curve 1! shows that structures due to isotop
effects in the BSO spectrum appear on the low wavenum
side of theF1A and of the 2F bands, respectively: add
tional peaks~or shoulders! overlap the high wave numbe
side of the two bands~at 1618.4, 1662.3, and 1674.7 cm21).
Shoulders can be observed on the high wavenumber sid
fundamental, overtone, and combination bands of BGO
BTO as well, as noted in Figs. 1~a!, 1~b!, 2~a!, and 2~b!, even
though they are not as marked as in BSO. Table II sum
rizes the positions of the additional peaks~or shoulders! for
all the sillenites investigated. A possible attribution of t
additional peaks to the presence of unwanted impurities
be ruled out since the peaks appear, with the same rela
weight, in the spectra of samples grown in different labo
tories.

In fact, the shoulders are clearly detectable, for exam
in the two-mode spectra of pure BSO samples on the h
wave number side of theF1A and 2F bands@Fig. 3~b!,
curve 1#, but they either weaken or vanish when the Si4
tetrahedra involve Si impurities embedded in a BGO sam
@Fig. 3~b!, curve 2#. Both spectra show isotopic replicas, i
dicated by the arrows, while the shoulders are absent in
latter. Similar results are obtained if the SiO4 tetrahedra are
diluted into BTO.22 Furthermore, the weight of the shoulde
is reduced in the two-mode spectra of BSO samples do
with impurities, e.g., Ge41 and P51.21,22 The same effect is
observed in mixed BSO-BGO samples: one may comp
for example in Fig. 4, the three-mode spectra of the S4
tetrahedra in the region 2300–2500 cm21 of a pure BSO
~curve a) with that of a mixed 0.25BSO•0.75BGO ~curve
c). According to such results, the shoulders either weake
disappear if the probability that two or more SiO4 tetrahedra
belong to the same bcc unit cell decreases, as in the ca
SiO4 tetrahedra diluted into a BGO matrix@Fig. 3~b!, curve
2#, in BSO samples doped with impurities, and in mix
BSO-BGO crystals. In all cases the long-range order of
SiO4 tetrahedra, typical of the pure BSO matrix, is reduc
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These results are consistent with the attribution of
additional peaks to small longitudinal optical-transverse
tical splitting of theF mode in the perfect crystal. A simila
splitting has been observed in the Raman spectra of BSO
BGO,10,12,13and has been derived from the reflectance sp
tra in BSO, BGO and BTO.6,7 According to Ref. 10 long-
range polarization fields are expected to split theF modes
into LO-TO modes, with the former at high frequency. T
Raman peaks related to these modes were detected at
828 and 841 cm21 in BSO,10,12 at 678.6 and 691.8 cm21 in
BGO,10 and at 664 and 687 cm21 in BTO.13 Mihailova et al.
carried out calculations which led them to attribute the 82
and 841-cm21 Raman peaks in BSO to the TO and L
F-type modes.12 The reflectance spectra were analyzed
applying the Kramers-Kronig approach6 and in terms of clas-
sical oscillators7 in order to determine theF-TO andF-LO
mode frequencies. The latter approach, which, accordin
Ref. 7 provides more reliable values of the optical consta
supplies the following figures forF-TO andF-LO frequen-
cies: in BSO 833 and 846 cm21, in BGO 675 and 689 cm21,
and in BTO 660 and 681 cm21, respectively. The calculate
splittings and those derived from the Raman and reflecta
measurements, i.e., about 13 and 14 cm21 in BSO and BGO,
respectively, are consistent with those noted in Table
which range from 8.4 to 11 cm21 for BSO and from 8.2 to
10 cm21 for BGO ~with some uncertainty in the shoulde
peak position!. In the case of BTO the discrepancy betwe
the splitting obtained from Raman~23 cm21) ~Ref. 13! and
reflectance~21 cm21) ~Ref. 7! measurements and thos
noted in Table II, which range from 12 to 14 cm21, is a little
larger. However the same trend is observed, i.e., the split
in BTO is larger than in BSO and BGO. The decrease~or
absence! of the shoulders~see above! in the absorption spec
tra of samples where the long range order of theMO4 tetra-
hedra, typical of the pure BMO matrix, is reduced provides
further support for the above attribution, in agreement a
with Refs. 10 and 13.

As a final comment it should be remarked that, wh
ordinarily one does not observe LO phonons in IR abso
tion, in the one-phonon data we deal with small, irregula
shaped particles in a matrix~the KBr pellet; see Sec. II!,
oriented randomly with respect to the incident beam. It is
implausible that in this case the LO-TO distinction brea
down somewhat. By following the above criteria most of t
lines have been assigned to overtones, combination mo
isotopic effects, and LO-TO splitting of theF mode, as sum-
marized in Table II and in Figs. 1, 2, and 3.

C. Anharmonicity

The observed peaks have been explained as due to o
tones of theF mode and to combinations of theF and A
modes. This indicates that the vibrational modes canno
described as purely harmonic oscillators, for which the tr
sitionsDv3Þ1 are forbidden, but in addition anharmonici
effects should be considered.

1. F modes

The presence ofF-mode (v3) overtones up toDv354
shows that anharmonicity affects the asymmetric stretch
7-7
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of the MO4 tetrahedron. Therefore, as a first approach,
fitted the observed transition wave numbers~for Dv3
51,2,3,4) in BSO, BGO, and BTO to those,G0(v3), pre-
dicted in the framework of the Morse anharmonic oscilla
model.20,25 This model has been successfully applied to
atomic molecules, as for example OH2 in alkali halides,25–27

in fluoroperovskites,28 in sillenites,19 and in other oxides.29

In the v3 mode vibration of theMO4 group, the displace-
ment of the four oxygens at the corners of the tetrahed
and that of theM41 at the center are along the same dire
tion and opposite from each other.20 Therefore the vibration
can be regarded as that of a diatomic molecule built by
M41 and by a particle with a mass equivalent to that of
four oxygens and located at their center of mass.

The Morse potential is a function of the distancer be-
tween the two masses

U~r 2r e!5De,3$12exp@2b3~r 2r e!#%
2, ~1!

whereDe,3 andb3 are the potential parameters (De,3 is the
binding energy! and r e is the equilibrium distance. Then fo
the transition 0→v3 one obtains

G0~v3!/v35ve,31x33~v311! ~2!

whereve,3 andx33 are the zero-order frequency and the a
harmonicity constant, respectively, which are functions
the potential parameters.20 According to Eq.~2! a plot of
G0(v3)/v3 vs v3 should give a straight line, from the slop
of which one can evaluatex33. This relationship was indee
fulfilled for all the F modes detected~up to v354) in BSO,
BGO, and BTO as shown in Fig. 7: thex33 values are listed
in Table III. In addition to the data related to SiO4 , GeO4,
and TiO4 tetrahedra in BSO, BGO, and BTO, respective
displayed by squares, Fig. 7 shows the data~triangles! re-
lated to the SiO4 and GeO4 tetrahedra diluted in BGO~top!
and BSO~middle!, respectively. The result provides furth
support to the assumption that the internal vibrations of
MO4 tetrahedra in Bi12MO20 are practically the same a
those of an isolatedMO4 tetrahedron diluted into a sillenit
matrix in which the host tetravalent ion is different fromM.

Thus the asymmetricF stretching mode of the tetrahedro
can be satisfactorily described by the Morse model, wh
was proposed originally for a simple free diatomic molecu
This confirms the hypothesis according to which the m
sured frequenciesvF in BGO and BSO (Dv351) fit quite
well the highest of the normal-mode frequencies of Ge4
and SiO4 molecular groups.5

The anharmonicity parameters for the tetrahedral vib
tion of the MO4 unit xe[ux33/ve,3u are 0.006, 0.004, and
0.003 for BSO, BGO, and BTO, respectively. These
smaller than that (xe;2.531022) reported for the localized
mode induced by OH in the same matrices.19 However, at
least in the case of BSO, the value ofDe is nearly the same
for both molecular groups, i.e., 4.69 and 4.42 eV forMO4
and OH,19 respectively. The difference in anharmonicity p
rameters arises from the difference in reduced massesm. The
anharmonicity parameter is proportional tom21/2; therefore,
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since the reduced mass of the OH oscillator is 5% of tha
the MO4 unit, the anharmonicity parameter of the OH
about 4.5 times as large as that of SiO4. Furthermore, the
amplitude of the oscillations of OH is larger, even in th
ground state. This effect is even more pronounced in
excited states, since the zero-order vibration frequency
OH is higher (ve5839.9 and 3626.46 cm21 for MO4 and
OH, respectively!. This means that OH, when oscillating
experiences regions in which the potential shape devi
meaningfully from the harmonic one, while the heavierMO4
molecule oscillates nearer the bottom of the potential w
where the harmonic approximation still holds rather well.

The anharmonicity parameter of theMO4 group, as for
OH2 in sillenites,19 decreases by increasing the lattice co
stant. This behavior is opposite to that observed for OH2 in
a large variety of alkali halides, where the anharmonic
parameter increases by increasing the lattice constant.27 The
discrepancy can be explained by considering that in a sim
lattice, as that of alkali halides, the lattice constant is clos
related to the distance between the oscillator (OH2) and the
nearest neighbors~the alkali ions!. Such a relationship doe
not hold for a more complex structure, as that of the sille
tes with 66 atoms per cubic unit cell.4 In fact, the distance
between the oxygens, sitting at the corners of theMO4 tet-
rahedron, and the neighboring Bi decreases by increasing
lattice constant.30 Therefore, the behavior of the anharmoni
ity parameter vs the nearest neighbor distance forMO4 and
OH in sillenites shows the same trend displayed by OH2 in
alkali halides.

FIG. 7. Anharmonicity of theF modes in BSO, BGO, and BTO
crystals: the ratio between the measured wave numberG0(v3) of
the 0→v3 transition and the vibrational quantum numberv3 is
plotted vsv3. The squares give the experimental data and the s
line is the fitting according to Eq.~2!. For BSO the squares ar
related to the lines due to28Si. The triangles are related to28SiO4

tetrahedra ‘‘diluted’’ into BGO~top! and to GeO4 tetrahedra ‘‘di-
luted’’ into BSO ~middle!.
7-8
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TABLE III. Morse parameters, i.e., zero-order frequenciesve,1 andve,3, anharmonicity constantsx11,
x13, andx33, and binding energyDe,3 calculated using Eqs.~2! and ~3! for BSO, BGO, and BTO.

Matrix ve,1 ~cm21) x1,1 ~cm21) x1,3 ~cm21) x3,3 ~cm21) ve,3 ~cm21) De,3 ~eV!

BSO 24.960.2a 835.760.7a 4.6960.06
788.665.2b 21.560.8b 25.161.4b 24.860.6b 842.064.1b

BGO 22.960.2a 682.860.6a 5.4660.14
713.562.5b 21.160.5b 20.360.7b 22.260.3b 681.762.0b

BTO 21.960.4a 668.460.8a 8.660.4
717.760.2b 21.960.4b 20.760.6b 21.160.2b 666.761.3b

aFrom the experimental data fitting to Eq.~2!.
bFrom the experimental data fitting to Eq.~3!.
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2. General approach

A more general description of the anharmonicity, affe
ing theMO4 tetrahedron vibrations, can be obtained by co
sidering also theA-symmetric mode in addition to th
F-asymmetric ones. By following the approach suggested
Herzberg20 for a polyatomic anharmonic molecule withm
normal vibrations, characterized by the zero-order frequ
cies ve, j ~with j 51,2, . . . ,m), the frequency
G0(v1 ,v2 , . . . ) for the transition 0,0, . . .→v1 ,v2 , . . . is
given by

G0~v1 ,v2 , . . . !5(
j 51

m

v j
0v j1(

j
(
k> j

xjkv jvk1•••, ~3!

where

v j
05ve, j1xj j 1

1

2 (
kÞ j

xjk1•••, ~4!

v j is the vibrational quantum number corresponding to e
normal vibration, andxjk is the anharmonicity constant. Th
terms of order higher than the second in the vibrational qu
tum numbers and higher than the first in the anharmoni
constants are neglected.

Such a description can be applied to the present abs
tion spectra due to theF-mode fundamental and overton
transitions (v3), to combination transitions, in whichF (v3)
and A modes (v1) are simultaneously excited, and to th
Raman-activeA mode,9–13 ~Table II!. By substituting in Eq.
~3! the experimental values ofG0(v1 ,0,v3 ,0) ~with v1
50,1,2,3 andv350,1,2,3,4) listed in Table II, one obtains
set of equations~11 for BSO and BGO and eight for BTO!
from which one obtains the values ofve,1 , ve,3 , x11, x13,
andx33. The results are collected in Table III. It is noted th
ve, j ( j 51,3), evaluated in this way, contains an addition
term 1

2 (xjk (k52,4). In fact, such a term does not behave
an independent variable in the above set of equations, s
data about transitions, in whichve,2 and/orve,4 modes are
excited, are not available. The agreement between the va
of ve,3 and ofx33 obtained by using the fitting of the exper
mental data to Eq.~2! and those calculated from Eq.~3! is
rather good, confirming the weak anharmonicity effects
sociated with thev3 mode. The error which affects the an
harmonicity x11 of the A symmetric stretching mode (v1)
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and the mixedx13 is rather large; however it turns out the
are still lower than the anharmonicity of theF mode~except
for the case of BTO!.

D. Mixed crystals

A similar analysis has been extended to the mixed
2x)BSO•xBGO crystals. The overtone spectra~detected up
to v353) typical of BGO and BSO were both present,
well as the combination ofA andF modes, as shown in Fig
4.

1. Two-mode behavior

In terms of their spectral behavior, mixed crystals may
classified into different classes18 as follows.

~i! One-mode behavior: this is typified by a single op
cally active mode whose frequency varies continuously fr
the frequency characteristic of one end member to that of
other end-member with the mode strength remaining
proximately constant.

~ii ! Two-mode behavior: two optical mode frequencies
the mixed crystal are observed to occur close to the e
member frequencies. The relative strength and the freque
of each mode are approximately proportional to the fract
of the formula weight of each component.

~iii ! Mixed one mode-two mode behavior.
(12x)BSO•xBGO mixed crystals show a typical two

mode behavior. In fact, both BGO and BSO characteris
bands are present in the two- and three-mode absorp
spectra of the mixed crystals~Fig. 4!. The shift of each line
with respect to the position observed in the end-mem
crystals~i.e.,x50 or x51) was found to be a linear functio
of x or (12x), respectively, as shown in the inserts of Fig.
for the two overtonesDv353 of GeO4 and SiO4 vibrations,
respectively. Such a linearity is observed only if thex values
are those obtained from the chemical analysis of Si and
performed on the samples investigated, and not the nom
ones~i.e., in the melt! ~Table I!. The relative strength of the
GeO4 and SiO4 modes, as monitored by the area under
related absorption spectra, is approximately proportiona
the Ge and Si concentration~Fig. 5!, matching in this way
the last requirement for a two-mode behavior.

It should be emphasized that the BSO lines in the mix
crystals are slightly broader and show a less sharp fine st
7-9
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ture ~see Sec. IV B! than the corresponding ones in the en
member BSO~compare, for example, curvesa andb in Fig.
4!. Such a result can be understood considering a ran
distribution of Ge41 and Si41 ions at theM41 positions at
the center of the tetrahedra; therefore the Si isotopes ex
ence slightly different surroundings which cause a l
broadening and overlapping. Similar line broadening effe
were detected for the OH2 absorption in the mixed
sillenites.19

As a concluding remark, the two-mode behavior18 well
describes theMO4 tetrahedron stretching modes in (
2x)BSO•xBGO mixed crystals, not only for the fundame
tal transitions, as previously reported,31,32 but also for the
overtones and the combination transitions~at least up to
three-mode transitions! as supported by the position and th
amplitude of the lines.

2. Vibrational mode-Gru¨neisen constants

By changing the value ofx the lattice constanta changes
as well, from the value typical of BGO (a510.13281 Å) to
that of BSO (a510.09404 Å)~Ref. 19!: this means that in
mixed crystals the vibrations (F andA modes! of the GeO4
tetrahedron take place in a compressed lattice~in comparison
to that of the BGO end member!, while those of SiO4 occur
in an expanded lattice~in comparison to that of the BSO en
member!. Since the harmonic force constant of the oscilla
may be a function of the volume~i.e., of the lattice constant!,
there is a lattice constant dependence of the vibratio
frequencies,31 in addition to the anharmonic effects whic
are manifested through the temperature change as note
Sec. IV E. As a rule, the vibrational frequencies decrease
consequence of the lattice expansion.31 Therefore in the
mixed crystals the SiO4 tetrahedron vibrational frequencie
should decrease, since the vibration occurs in an expan
lattice, while those of the GeO4 group should increase sinc
the vibration occurs in a compressed lattice. This conclus
is supported by present experimental results~Fig. 4 and Ref.
17!. Moreover, since the lattice constants of the mixed cr
tals investigated are known,19 the vibrational mode-
Grüneisen constantgv j

can be evaluated from the frequen
dependence on the lattice constant~i.e., volume!.31 In fact,
one has

gv j
52

1

3
3

d log~v j /v j ,0!

d log~a/a0!
, ~5!

wherev j ,0 anda0 are the frequency and the lattice consta
of the unperturbed lattice~or of the end-member system, i.e
x50,1) andv j and a are the same parameters for the p
turbed ~compressed or expanded! lattice ~or for the mixed
crystals, i.e., 0,x,1). For the mixed crystals the range
the (a/a0) values, and consequently of the (v j /v j ,0), is
very small~a few thousandths!, therefore only a hint on the
values of vibrational mode-g ’s at 9 K can be obtained. The
are the following:g2F1A;gF12A;g3F;0.2 for SiO4 vibra-
tions, andg2F1A;0.4,g3F;0.6 for GeO4 vibrations. The
present figures are lower than those (1,g,3) evaluated
from compressibilityK, thermal expansion coefficientaV ,
specific heatCV , and volumeV, according to
17430
-

m

ri-

ts

r

al

in
a

ed

n

-

t

-

g5aVV/KCV ~6!

for a wide class of materials~for example metals and alka
halides! at room temperature. The discrepancy can be
counted for by considering that the presentgv j

’s are related
to single well defined vibration modes, and are not avera
on all lattice modes as in the case ofg calculated from mac-
roscopic parameters, according to Eq.~6!. Moreover they are
evaluated at low temperature~9 K!, where the vibrational
mode Gru¨neisen ‘‘constant’’ is expected to decrea
considerably33,34 with respect to the high temperature valu
The fact that theg related to the GeO4 vibrations is higher
than that related to the SiO4 vibrations is consistent with the
higher microhardness~inversely proportional to the com
pressibilityK) exhibited by BGO in comparison with that o
BSO, while the thermal expansion and specific heat val
are very similar for the two systems.1

E. Temperature dependence

The temperature induced shift of a given mode freque
and, as a consequence, of the line position is due to
anharmonic coupling of the mode in question with phono
and to the thermal expansion of the crystal. Although
thermal expansion itself occurs as a result of anharmonic
it affects the ‘‘quasiharmonic’’ frequencies through the ha
monic force constant, which may change with the volum
Often the direction of the shift arising from the two effec
~thermal expansion and anharmonicity! may be opposite. As
a rule the thermal expansion induces a ‘‘red’’ shift of th
lines. The anharmonicity effect is split into two contribu
tions: the former arises from the coefficientK3 of the cubic
term ~in the expression of the anharmonic potential as
function of the ion separation!, while the latter arises from
the coefficientK4 of the quartic term. While the former give
rise to a shift of the same sign as that induced by the ther
expansion~i.e., a red shift!, the latter works in the opposite
direction ~i.e., a blue shift!.31,35 For the transverse optica
modes of LiF and MgO a red shift has been observed a
function of the temperature, even though the shift amo
was smaller than that expected as a result of the ther
expansion.31 This smaller shift could be explained by consi
ering the opposite contribution arising from the anharmon
ity. In the case of the tetrahedral unit vibrations in sillenit
the lines attributed to theF overtones and to the combinatio
modes (F,A) exhibit a prevailing blue shift as the temper
ture increases~Sec. III and Fig. 6!. This result can be ac
counted for by assuming that the anharmonicity contribut
to the shift given by theK4 coefficient prevails over those
induced by the thermal expansion andK3. It should be re-
marked that the thermal expansion coefficients of BSO
BGO are of the order of 1631026 K21 ~for T.300 K),1

considerably lower than that of LiF (.10031026 K21) in
the same temperature range.36 Moreover the anharmonic ef
fects could play a more important role in the present ca
compared to LiF and MgO, since theF mode~fundamental
and overtones! and the combination (F,A) transitions occur
at higher energies; therefore, the oscillating atoms experie
a more anharmonic region of the potential well. According
7-10
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Zhang a blue shift may occur when theK4 coefficient is
positive.35 Such a preliminary requirement is fulfilled by th
Morse potential which, according to Sec. IV C, describ
quite satisfactorily the interaction betweenM41 and the four
oxygen ions in sillenites.

As a final comment, it should be remarked that the sli
disorder present in the mixed samples causes an inhom
neous broadening of the lines, as expected, but does no
fect the temperature dependence of the line positions. In
for example, the trends of the 2F andF1A mode position
vs temperature in pure BSO were the same as those
played in Fig. 6 and related to the mixed crystalx
50.477), the unique difference being a small shift to high
wave numbers, as expected, on the basis of a smaller la
constant.

V. CONCLUSIONS

Most of the structures shown at 9 K by theinfrared spec-
tra of sillenites in the 600–3500-cm21 range can be under
stood by considering the asymmetricF and symmetricA
modes of theMO4 ~M5Ge,Si,Ti! tetrahedral vibrations. Ab-
sorptions are due to~1! combination modes, i.e., one or mo
F modes~IR active! 1 one or moreA modes~IR inactive!
are simultaneously excited;~2! overtone transitions of theF
mode;~3! isotopic effects, which are particularly relevant
the case of BSO, since in addition to the most abundant28Si
~92.2%! there are also29Si and 30Si present in natural abun
dances of 4.7% and 3.1% respectively; and~4! LO-TO split-
ting of theF modes.

The anharmonicity of theF andA modes was calculate
for BSO, BGO, and BTO by using simple models for t
anharmonic oscillator. The tetrahedral vibrations in
ls

e
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2x)BSO•xBGO mixed crystals show a characteristic tw
mode behavior up to three-mode transitions. In fact, b
BGO and BSO characteristic absorptions are present, the
quencies are linearly dependent on the composition, and
relative strengths are approximately proportional to the
and Si concentrations, respectively.

The temperature dependence of the band position
also studied, mainly in the mixed crystals: the blue shift o
served over the 9–300-K range for many lines is interpre
by assuming a dominant role played by the anharmoni
contribution described by theK4 coefficient as compared
with that coming from the thermal expansion

ACKNOWLEDGMENTS

The authors wish to thank Dr. O. Szaka´cs of the Research
Institute for Solid State Physics and Optics, Hungarian Ac
emy of Sciences, Budapest for the chemical analysis of
samples, and Dr. M. Gospodinov of the Institute of So
State Physics, Bulgarian Academy of Sciences, Sofia,
supplying a few sillenite samples doped with impurities. O
of the authors~L.K.! undertook this work with the support o
the ICTP Program for Training and Research in Italian Lab
ratories, Trieste, Italy. Financial support from the Nation
Fund of Hungary~OTKA No. T22859! and from the Italian
Institute for Physics of Matter~INFM! is also acknowledged
Part of the research was carried out in the framework of
Agreement for Scientific and Technological Cooperation
tween the National Research Council of Italy and the Hu
garian Academy of Sciences. The technical help of Ca
Mora of IMEM-CNR Institute of Parma is also acknow
edged.
J.

a-

.

,

-

di-
1L. Arizmendi, J. M. Cabrera, and F. Agullo´-López, Int. J. Opto-
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