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Multimode transitions of the tetrahedral MO, units (M =Si,Ge,Ti) in sillenite single crystals
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Multimode transitions of the tetrahedral unit modes in,BiO,, (BSO), Bi;,GeGy, (BGO), Biy,TiOy
(BTO), and mixed (+x)BSO-xBGO sillenite crystals have been studied using Fourier transform infrared
absorption spectroscopy, with a resolution as fine as 0.04'dm the 600—3500-cm' wave number and
9-300-K temperature ranges. Up to four-mode transitiomsrtones of thé& mode and combinations &fand
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. Thé&-mode anharmonicity was found to be still lower. Fine structures oFtheode absorption
were observed and attributed to the LO-TO splitting of Ehmode; 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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[. INTRODUCTION set of noninteractindEinstein oscillators in the sense that
the internal vibrations of one SjCetrahedron will be only
Bi;,SiO, (BSO), Bi;,Ge0,q (BGO) and Bij,TiO,o (BTO)  weakly coupled to the internal vibrations of other $it®t-
sillenite single crystals are large gap semiconductors. Theyahedra.
exhibit many interesting properties such as photoconductiv- The vibrational spectra of sillenites have already been
ity, the electro-optic effect, piezoelectricity, and photorefrac-studied by means of infrare@R) reflectivity®’ absorptiorf
tivity. Such properties make these materials attractive foRamari™* spectroscopy measurements, and theoretical
technological applications in the fields of optical memoriescalculations. In the wave number regiom<600 cm * the
holography, and optical phase conjugating devicédany  vibrational frequencies differ only slightly in the different
important properties of sillenites exploited for different ap- matrices and are attributed to the vibrational modes of Bi and
plications are either determined or affected by impuritiesO in Bi;O, and B;O units. For 600 cm'<w<850 cm ?
Many dopants, present even in small concentrations, can ke reflectivity and Raman peaks are characteristic of a given
monitored by means of absorption spectroscopy. Thereforenatrix and have been attributed to the asymmefriand
it is of key importance to have a complete and detailedsymmetric A stretching modes in theM O, tetrahedral
knowledge of the absorptions of the host material, in order tainit,>®8-3in agreement with the above assumption that the
separate the intrinsic contributions, even the weak ones atgtrahedra are weakly coupled to each other. Two- and three-
for example, those due to multiphonon transitions, from themode transitions related to the tetrahedral unit vibrations
extrinsic ones, coming from electronic and vibrational tran-have been detected by optical absorption measurements per-
sitions induced by impurities. formed mainly at room temperatut&; !’
Sillenite single crystals have a bcc structure with¥h®, In the present work, FTIR absorption spectroscopy in the
tetranedra(M=Si,Ge, T) located at the corners and at the 600—3500-cm' wave number and 9-300-K temperature
center of the cubic unit ceflAn interesting feature of these ranges was applied to study the overtone and combination
crystals is the presence of only one non-bismuth metal atortransitions of the tetrahedral unit vibratiogp to four
in a formula unit of 33 atoms. Thus, for example, in BSO modes in BSO, BGO, and BTO crystals, and the anharmo-
there is only one Si for every 12 Bi, and only four of 20 nicity contributions were evaluated. The analysis was ex-
oxygens are involved in SiQtetrahedra. tended to mixed BiGeSi; O, [ (1—X)BSO-xBGO] sys-
Furthermore, Bi is so massive that to a first approximatiortems to investigate if the two-mode behavio® could
it defines a fixed matrix surrounding each $itetrahedron. provide a satisfactory description even for the two- and
This suggeststhat the part of the phonon spectrum associ-three-mode optical transitions. The use of low temperature
ated with the internal vibrations &l O, may be treated as a and the availability of a resolution as fine as 0.04 ¢rwere
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TABLE |. Comparison between the nominal Ge fracti@dded 1.5
as BGO to the meltx and that measured by chemical analysisn i F a
(1-x)BSO-xBGO mixed crystal samples. The chemically deter- 1.0F
mined Si fraction (1-x),, and the measure@ef. 19 lattice con- 0.5 i
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of key importance in detecting fine structures which could << ¢.04
otherwise have been missed. Only in this way could a com-
plete description and a unified interpretation of the internal
vibration modes of theMl O, tetrahedral units in the three
most important sillenite crystals and in one of their alloys be
made possible. Furthermore, a thorough analysis ofevenfine ogoo bt o v 0 1 0 0 v v 10 0 w7 T '
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The reagent powders used to grow crystals wergOBi Wavenumber (cm™)
and GeQ prepared from 5N pure metal rods by chemical
digestion, while SiQ and TiO, were Johnson Matthey grade  FIG. 1. Optical absorption spectra of BGO single crystals mea-
Al oxides. sured &9 K in different spectral regions: the absorbance is plotted

BSO, BGO, and mixed (+x)BSO-xBGO crystals were Vs the wave number. The spectru@® in the low wave number
grown in air by the balance controlled Czochralski techniqug@nge was measured on a KBBGO pellet, due to the high absorp-
using resistance heating and platinum cruciBi&he boules tion coeﬁicient_of BGO. The spt_actra in th_e other regions were mea-
were pulled along thg001] direction. BGO seeds were used sured on massive samples of different thlc_knesxses 1.2 mm(b),
for growing mixed crystals. The incongruently melting BTO 2= 1-2 mm(c), andz=40 mm (d). The assignment of most of the
crystals were grown from solution by the top seeding teCh_llnes tolovertones of th& mode and to combinations & and A
nique. The melt was prepared from the mixture of@®&j and modes is shown.

TiO, compounds in the molar ratio of 8:1. The crystals were . .
pulled on BGO seeds, along theo1] direction. means of a Bomem DAS8 FouUer transform infraréd IR)

In the mixed crystals (% x)BSO-xBGO the nominalx spectrophotometer operat|ng in the_ range 200—4000%cm
fraction was 0.25, 0.5, and 0.75. However, lattice constan®ith an apodized resolution as fine as 0.04 ¢mand
measurement and chemical analysis showed that the ac-€quipped with a mercury cadmium telluride detector, cooled
tual Ge and Si fractions in the crystals were different fromat liquid nitrogen temperature. The spectra were recorded in
the nominal ones, as shown in Table I. The chemical analysi§l€ range 9-300 K, by placing the sample in a 21SC model
of Si and Ge was performed by means of inductively coupled=ryodine Cryocooler of CTI-Cryogenics.
plasma(ICP) emission spectroscopy.

Weak traces of S were detected in a few samples, as Il RESULTS
monitored by the characteristic $@ibrational absorptions '

[Figs. 4c) and 4a)]. Oriented samples were cut in the shape BSO, BGO, and BTO samples were analyzed at 9 K by
of parallelepipeds and thél00) faces were polished. The FTIR spectroscopy in the range 600—3500 ¢mAs shown
cross section was 1 cnt and the thickness was in the range in Fig. 1(a) for BGO, Fig. 2a) for BTO, and Fig. 8a) for
0.1-24 mm. To measure the IR spectra in the high absorptioBSO, a broad, structured peak appears in the spectral range
region, chips of sillenite single crystals were finely ground600—-850 cm?'. The absorption spectrum in this region
and mixed with KBr powders in the weight ratio of 0.01— could be measured only on a pellet in which the sillenite
0.08 g. Pellets were then prepared from the mixed powdergquivalent thickness was drastically reduced by the dilution
such that the sillenite equivalent thickness in the pellets wasto KBr powders, as noted in Sec. Il. In fact, if crystal slices
only ~2 pm. even as thin as 0.1 mm were used, the peak absorbance was

The optical absorption measurements were performed bgut of scale; in this case neither the shape nor the band po-
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FIG. 2. Optical absorption spectra of BTO single crystals mea- FIG. 3. Optical absorption spectra of BSO single crystals mea-

sured &9 K in different spectral regions: the absorbance is plottedSured 49 Kiin different spectral region_s: the absorbance is plotted
vs the wave number. The spectru@a) in the short wave number vs the wave number. The spectru@ in the low wave number

range was measured on a KBBTO pellet, due to the high absorp- range was .measured on a KBBSO pgllet, due to the.high absorp-
tion coefficient of BTO. The spectra in the other regidtts and tion coefficient of BSO. The spectra in the other regions were mea-

(c)] were measured on massive samples of thickmzess.2 mm. sured on massive samples of different thicknessez=1.2 mm

The assignment of the most of the lines to overtones oftheode [(b), curve 1, z= 1.2 mm(c), andz=24 mm (d). The aSSiQ”m_em
and to combinations d andA modes is shown. The narrow line at of most of the lines to overtones of themode and to combinations

of F and A modes is shown. Irib), curve 2 is related to a BGO
crystal (1.8-mm thick in which Si is present as an impurity, the
atomic fraction Si/Ge being-3.5%. Lines related to different Si
isotopes,?3Si, 2°Si, and®Si, respectively, are indicated by arrows.

~2040 cm'!, which overlaps the broaderF2+ A peak, monitors
the presence of%$ traces in the sample, because it originates from
anF+ A mode excitation of SPtetrahedraRef. 2J).

sition could be accurately determined. Two strong lines were
detected in the range 1300-1700 cimby measuring the cm ! ranges. It is worthwhile noting that the bands observed
spectra of 1.2-mm-thick samples, as shown in Fige) &nd  separately in BGO and BSO samples, are present together in
2(b) for BGO and BTO, respectively. The BSO spectrum inthe mixed samples; this is shown in Fig. 4, where the spectra
the same region shows additional weaker bands, as display&uthe 1900—-2500 region of the two end-members BGO and
by curve 1 in Fig. &). In the same samples three lines wereBSO and of two mixed crystals are displayed as examples.
monitored in the range 2000—2400 ¢hy but they are much  The amplitudes of typical BGO and BSO bands may be seen
weaker; this can be seen by comparing the absorbance scalesscale with the Ge and Si fractions, respectively. This ob-
of Figs. 1b) and Xc) for BGO, of Figs. Zb) and Zc) for servation is quantitatively confirmed in Fig. 5, where the
BTO, and of Figs. &) (curve 1 and 3c) for BSO, respec- areas under all BGO line§n the 1990—-2120-cm' range
tively. In order to detect the spectra in the range 2600-330@nd those under all BSO linen the 2360-2480-cm'
cm 1, a sandwich of three sampléhe total thickness being range show a rough linear dependence on the Ge and Si
40 mm) was used. Four bands were detected in B[E@. fraction, respectively. The BGO bands shift to lower wave
1(d)] and BSO(Ref. 19 [Fig. 3(d)], while only a weak one numbers by increasing the Ge fraction, while the BSO ones
was found in BTO. The band positions, measured at 9 K, foshift to higher wave numbers by decreasing the Si fraction.
different matrices are listed in Table II. An example of these trends is given by the insets in Fig. 4
The absorption spectra of mixed£X)BSO-xBGO crys- for a BGO band(on the lefy and for a BSO bandon the
tals were measured in the same spectral regions: bands weight), respectively. It is noted that the separation between
detected in the 600-850-, 1300-1700-, and 2000—2500he BGO and BSO lines decreases slightly by increasing the
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TABLE II. Band positions at 9 Kin cm™?) for different sille-  2000-2400-cm! range all lines exhibit a blue shift, which
nites are listed considering their attribution. In the BSO column theg small(2—3 cn’ 1) for the BGO linedFig. 6c)] and larger
superscriptsy, B, andy indicate the band positions related to dif- (7-13 Cm—l) for the BSO linegFig. 6(d)]. Small blue shifts

: e 29 0w . )
ferent isotopes; °Si, *Si, and™'Si, reSp.ethve'y' The bands am!b' are observed for the BSO lines in the region 600—850tm
uted to theF-TO andF-LO modes are indicated by the subscripts

TO andLO, respectively. The error in the position determination is

less than 0.5 cmt, unless otherwise stated.

IV. DISCUSSION

BSO BGO BTO A. Vibrational modes of the tetrahedral XY, molecules
and attribution of the observed spectra
830.6%
Fro 823+ 18 679.8 667 The normal vibrations of a free tetrahedkY, molecule
817.8 are four:w, which is non-degeneraté\{type according to
the group theory classificatignw,, which is doubly degen-
Flo 839+ 1 688+ 1 6801 erate € type); andw; and w,, which are both triply degen-
A 785 718 718 erate £ type). Only the F-type vibrations (5 and w,) are
1607 4 active in the infrared, while all are Raman active. As a rule,
FrotA 16022 1390.7- 1 137911 for XY, molecules the two highest frequencies arg and
1505 9 w3, the other two being much Iow_é?. o
As discussed in Sec. |, as a first approximation such a
Flot+A 1618.4 1400.7 1 1393+1 picture can be extended to the vibrations of the tetrahedral
MO, units in sillenites, although they might be affected
1652.9" slightly by the surrounding network of Bi and O ions. Be-
2Fo 1642.7 1355 1336 tween the two IR-active frequencies, i.e; and w,, only
1630.6¢" the former, being higher, can be separated from the Bi-O
FrotFlo 1662.3 1348 1 vibration modes responfible for the absorption a’g Iovx_/ wave
2FLo 1674.7- 1 13731 numbers(below 600 cm~) and common to all sillenites.
Moreover, w5 depends on the nature b“*. Therefore the
Fro+2A 2383.4 2100.9 20872 band observed in the 600—850-ctregion in Figs. 1a),
2Fo+A 2426.8 2064.9 2039.8 2(a), and 3a) is attributed to an asymmetriE stretching
3Fro 2461.4 2021.7 19871 mode w3 of the MO, tetrahedral unit:® We may call the
frequency of such a peakr. The symmetricA stretching
Frot3A 3155.8 2B0% 2 mode (4) of MO, is not IR active and can be detected only
2F1o+2A 3195.7 27732 by Raman spectroscopyL?
3FrotA 3228.1 2731.9 The two strong lines monitored at wave numbers which
4F 1o 3265.1 2687 26452 are roughly twicewg in the range 1300—1700 cm are in-
terpreted as a combination band of theand A modes, and
%From Ref. 10.

bFrom Ref. 11.

as an overtone of thE mode, respectively. In fact, for ex-
ample in BGO, the wave number of the peak monitored at
1390.7 cm! is very close to the surf1394.8 cm'!) of the

deviation from the extreme compositiondig. 4 and F-mode(679.8 cm'!) and A-mode (715 cmi !) wave num-
Ref. 17. bers, and the wave number of the peak detected at 1355
The temperature dependence of the lines was studied iem™* is very close to twice th€-mode(679.8 cm 1) wave
the 9-300-K range. By increasing the temperature from 9 tqumber, 1359.6 cm' [Table Il and Fig. 1b)]. This means
300 K, the bands shift and broaden, and most of the weakehat the absorbed photon simultaneously excites A and F
lines and the fine structure are lost: for example, of the temnodes in the former case, while it induces a transition from
lines displayed &9 K in BSO[Fig. 3(b), curve 1 only three  the ground stateuz;=0) to the level withv ;=2 in the latter
are detected at 300 K. The amount and sign of the thermallyy; being the vibrational quantum number related to &he
induced band shift depend both on the specific line and ofode. The small wave number difference between the cal-
the M** considered, as shown in Fig. 6 for the lines dis-culated and the measured values, which is of the order of a
played in the 1300-2500-cm range for a mixed (1 few parts per thousand, is accounted for by anharmonicity
—X)BSO-xBGO sample x=0.477). In this way the behav- effects in Sec. IV C.
ior of the absorptions typical of BSO and BGO could be  Similarly, the bands in the other two regions are attributed
contemporaneously investigated in the same sample. Wittb overtone transitions of thE mode (Av3=3,4) and to
regard to the BGO absorptions, a small “red” shife., to-  combination transitions, in which orfer mor@ F modes(IR
ward the lower wave numberss observed for the 1358- active) plus one(or more A modes(IR inactive) are simul-
cm ! line and a “blue” one for the 1392.7-cnt line, the  taneously excited. The detailed attribution scheme is reported
shift being less than 2 cnt over the 9-300-K rangfFig. in Table I1.
6(a)]. Both the BSO lines at 1605.4 and 1652.5 ¢nshow Therefore, the spectra displayed in Fig. 1 are due to tran-
blue shifts of 5 and 3.5 cit, respectivelyFig. 6b)]. Inthe  sitions in which only one vibrational mode is excitfig.
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FIG. 4. Spectra in the region 1900—2500 chof (1—x)BSO-xBGO crystals: the absorbance is plotted vs the wave number. The
thickness of all samples is 1.2 mm. The valuesxadre the following(according to Table)l curve a, x=0 (i.e., BSQ; curve b, x
=0.477; curvec, x=0.75; curved, x=1 (i.e., BGO. It should be remarked that in the end-member BSO spedftumea) the two narrow
lines, at~2045 and 2156 cm* monitor the presence of°$ traces in the sample, originating from ther A and & mode excitations of
the SQ tetrahedra, respectivelfRef. 27), while the line at~2030 cm ! is not related to Ge impurities, but rather to a combination of BSO
intrinsic vibrational modes. Inserts at the top display the position of the lines deertode overtonesXv;=3), as a function of the Ge
and Si fractionglisted in Table } in mixed (1-x)BSO-xBGO crystals. The data are taken from curagb, c, andd, and from the spectrum
related tox=0.63, not displayed in the figure for the sake of clarity. The left and right panels are related t@@@®SiQ vibration modes,
respectively. All measurements were performed at 9 K.

1(a)], or two [Fig. 1(b)], or three[Fig. 1(c)], or four [Fig. easily by comparing the thickness of the samples used and
1(d)] are simultaneously excited, i.e., one is dealing with thethe absorbance scale in each of Fig&)11(b), 1(c), and
“multimode” spectra of BGO. The amplitude of these lines 1(d). Similar considerations can be extended to BIFy. 2)
decreases drastically, as expected, by increasing the numbaid BSO(Fig. 3).

of the modes simultaneously excited. This can be verified The basic assumption that théO, vibrations can be re-
garded as internal vibrations of nearly isolated groups is also

supported by comparing, in tHe+ A and Z= mode regions,
the absorption spectrum of a pure B$Eg. 3(b), curve J
with that of a BGO, doped with Sthe atomic fraction Si/Ge
being ~3.5%), [Fig. 3(b), curve 3. In this case silicon en-
ters the BGO matrix and substitutes for a germanium tetra-
hedrally coordinated by four oxygens: thus gi@trahedra
are “diluted” within the BGO matrix?>?? Except for a small
shift of the peak positionfless than 4 cm?) toward lower
wave numbers in the BGO: Si samdleig. 3b), curve 3
I with respect to those in the pure BS®ig. 3(b), curve 1,
) I and for the shoulders occurring on the high energy side of
theF+ A and ZF peaks in BSO and missing in BGO: Si, the
two spectra are very similar. This similarity stresses that the
internal vibrations of the Siptetrahedra in BSO are practi-
cally the same as those of the Qi@nits diluted into the
BGO matrix. Furthermore, the diluted units are affected only
weakly by the surrounding GeQetrahedra. The small peak
position shift is accounted for by the larger lattice constant of
BGO with respect to that of BS@ec. IV D 2, while the
absence of shoulders in the BGO: Si spectrum is discussed in
detail in Sec. IV B 2.

From an inspection of the data listed in Table Il and of
Figs. 1-3, where the line attribution is displayed, it turns out

3 3

50 100
Si concentration

o 1 " " " 1 " " 2 " 1 0 " 2 "
0 50 100 0
Ge concentration

FIG. 5. Area(i.e., absorption coefficient times wave number
under the complex absorption spectrifig. 4) due to the three-
mode transitions of th# O, tetrahedron vs thi1** fraction (listed
in Table ) in mixed (1-x)BSO-xBGO crystals. On the left,
M4t =Gé" (the area is evaluated in the 1990—2120-¢mangs;
on the right, M4* =Si** (the area is evaluated in the 2360—2480-
cm™! rangd. The measurements were performed at 9 K.
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FIG. 6. Temperature dependence of the line positions in the ranges 13004u@afode transitionsand 2000—2500 ciit (three-mode
transitiong, respectively, in a mixed crystal (1x)BSO-xBGO with x=0.477.

that in BSO the frequency of ttemode is lower than that of present’ These can be attributed to the isotopic replicas due
the F mode, while in BGO and BTO the reverse relationshipto 2°Si and 3°Si of the main peak at 830 cm which is due
holds. This means that the ratig / w3 depends on the nature to the most abundant®Si, in agreement with the Raman
of theM*": such a behavior is consistent with that observedspectroscopy resulfsin the case of the two-mode transitions
in a wide class of fre&'Y, molecules? In fact, bothw; and  the isotopic effects are also clearly detectable: it is possible
w3 depend on the force constant betwadfi* and O, but {0 distinguish the isotopic replicas of tfemode overtone
the latter depends also on the mass of the ceMfdl while  and of theE + A combination band, as shown by Figb
the former doeg not, al** is immobile in the symmetric (cyrve 9. Such peaks are also present in the case of, SiO
mode vibratior. tetrahedra diluted into BGO, as shown in Figb)3(curve 2.
The above hypothesis can be checked by calculating di-
B. Fine structure rectly the wy frequency of the Si@ unit for the different

It is worthwhile noticing that the spectra of BSO in all silicon isotopes. We have done this using the vibrational ma-
regions investigated display a fine structure, which is abseritix of Wadia and Balloomaf along with the force constants
(or, at least is less markpth BGO and BTO; this is evident, of Wojdowski®> For the fundamentaF transition the pre-
for example, by comparing the two-mode spectrum of Figdicted values for the various silicon isotopes aasﬁf?am
3(b) (curve ) with those of Figs. (b) and Zb). This struc- =830.0 cni?, w(FZ’E)aIC: 823.4 cm?, and wl(::)j?:)alc: 817.0
ture can be explained by considering the isotopic effects ogm-*, which may be compared to the measured values,
M and the longitudinal-optical(LO) and transverse- w(F28) —830.6 cm' &, w(FZ’Z)Xpt: 823+1 cm !, and w®?

. e expt F,expt
optical (TO) splitting of theF-type w3 mode. =817.8 cm L. The agreement between the calculated and

experimental values is excellent, supporting the above attri-
bution.

The isotopic effects are particularly evident in the case of The relative amplitude of the peaks can be compared with
BSO. In fact, in addition to the most abundasfSi the natural abundance of the silicon isotopes. This has been
(92.21%, 2°Si and3°Si are present in natural abundances ofdone for the E overtone spectravhich are better resolved
4.7% and 3.09%, respectively. For the one-mode transitiothan those related to the fundamerfatransition), by using
two shoulders at wave numbers shorter thap are different samples. One was a very tHh1l mm BSO crys-

1. Isotopic effects
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tal: in this way the amplitude of the peak at 1652.9¢m These results are consistent with the attribution of the
attributed to the most abundaffiSi, could be measuredn additional peaks to small longitudinal optical-transverse op-
the case of a thicker crystal, as that of Figh)3 curve 1, it tical splitting of theF mode in the perfect crystal. A similar
was out of scalp The others were two BGO: Si samples, the splitting has been observed in the Raman spectra of BSO and
spectrum of one being displayed by FigbB(curve 2: in  BGO,'*****and has been derived from the reflectance spec-
this way the amplitude of all peaks could be easily measuredi@ in BSO, BGO and BTG According to Ref. 10 long-
since the SiQ tetrahedra are diluted into the BGO matrix. ange polarization fields are expected to split thenodes

The relative amplitudes of the peaks relateddsi, 2°Si, into LO-TO modes, with the former at high frequency. The
and 3°Si were (92.340.52)%, (4.68&0.51)%, and (2.98 Raman peaks related to these modes were detected at about

: ) v : ' : =1 10,12 =1
+0.27)%, respectively, while the natural abundances ar&28 alrgd 841 cm® in BSO, ™" at 678.6 %”@69_1-8 cnt in
92.21%, 4.7%, and 3.09%, respectively. This excellent agreé3GO;"° and at 664 and 687 cnt in BTO.™ Mihailova et al.
ment strongly supports the hypothesis that the isotopic efcarried out calculations which led them to attribute the 828-
71 .

fects are observed in the vibrational spectra of Si@rahe- ~and 841-cm” Raman peaks in BSO to the TO and LO
dra in BSO and BGO sillenites. F-type modes? The reflectance spectra were analyzed by

BGO and BTO spectra do not show a fine structure, bufPPIying the Kramers-Kronig approabsnd in terms of clas-
only a line broadening is observed. In fact, due to the highefical oscillatoré in order to determine th&-TO andF-LO
atomic masses of Ge and Ti, the relative mass changes, jnode frequencies. The latter approach, which, according to

duced by the neighboring isotopes, are small and give ris&ef. 7 provides more reliable values of the optical constants,
only to a line broadening. supplies the following figures fdf-TO andF-LO frequen-

cies: in BSO 833 and 846 cm, in BGO 675 and 689 cm',
and in BTO 660 and 681 cnt, respectively. The calculated
splittings and those derived from the Raman and reflectance

Figure 3b) (curve 1 shows that structures due to isotopic measurements, i.e., about 13 and 14 ¢énm BSO and BGO,
effects in the BSO spectrum appear on the low wavenumbeespectively, are consistent with those noted in Table II,
side of theF+A and of the 2F bands, respectively: addi- which range from 8.4 to 11 cit for BSO and from 8.2 to
tional peaks(or shoulders overlap the high wave number 10 cm ! for BGO (with some uncertainty in the shoulder
side of the two band&t 1618.4, 1662.3, and 1674.7 Ch). peak position In the case of BTO the discrepancy between
Shoulders can be observed on the high wavenumber side tfe splitting obtained from Rama@3 cm 1) (Ref. 13 and
fundamental, overtone, and combination bands of BGO andeflectance(21 cm ') (Ref. 7 measurements and those
BTO as well, as noted in Figs(d), 1(b), 2(a), and 2Zb), even  noted in Table Il, which range from 12 to 14 ¢ is a little
though they are not as marked as in BSO. Table Il summalarger. However the same trend is observed, i.e., the splitting
rizes the positions of the additional peaks shouldersfor  in BTO is larger than in BSO and BGO. The decreése
all the sillenites investigated. A possible attribution of theabsencgof the shouldergsee abovein the absorption spec-
additional peaks to the presence of unwanted impurities catta of samples where the long range order of kh@, tetra-
be ruled out since the peaks appear, with the same relativigedra, typical of the pure O matrix, is reduced provides a
weight, in the spectra of samples grown in different laborafurther support for the above attribution, in agreement also
tories. with Refs. 10 and 13.

In fact, the shoulders are clearly detectable, for example, As a final comment it should be remarked that, while
in the two-mode spectra of pure BSO samples on the higlardinarily one does not observe LO phonons in IR absorp-
wave number side of th& +A and Z bands[Fig. 3b), tion, in the one-phonon data we deal with small, irregularly
curve 1, but they either weaken or vanish when the SiO shaped particles in a matrithe KBr pellet; see Sec. )l
tetrahedra involve Si impurities embedded in a BGO sampl@riented randomly with respect to the incident beam. It is not
[Fig. 3(b), curve 3. Both spectra show isotopic replicas, in- implausible that in this case the LO-TO distinction breaks
dicated by the arrows, while the shoulders are absent in théown somewhat. By following the above criteria most of the
latter. Similar results are obtained if the Si@trahedra are lines have been assigned to overtones, combination modes,
diluted into BTO?? Furthermore, the weight of the shoulders isotopic effects, and LO-TO splitting of tHemode, as sum-
is reduced in the two-mode spectra of BSO samples dopenharized in Table Il and in Figs. 1, 2, and 3.
with impurities, e.g., G& and P*.2222 The same effect is
observed in mixed BSO-BGO samples: one may compare,
for example in Fig. 4, the three-mode spectra of the,SiO The observed peaks have been explained as due to over-
tetrahedra in the region 2300—2500 chnof a pure BSO tones of theF mode and to combinations of ttfe and A
(curve a) with that of a mixed 0.25BS@.75BGO (curve modes. This indicates that the vibrational modes cannot be
c). According to such results, the shoulders either weaken oiescribed as purely harmonic oscillators, for which the tran-
disappear if the probabmty that two or more Si@trahedra SitionSAU‘g# 1 are forbidden, but in addition anharmoniCity
belong to the same bce unit cell decreases, as in the case @ffects should be considered.

SiQ, tetrahedra diluted into a BGO matrikig. 3(b), curve
2], in BSO samples doped with impurities, and in mixed
BSO-BGO crystals. In all cases the long-range order of the The presence oF-mode (w3) overtones up tQAvgz=4
SiO, tetrahedra, typical of the pure BSO matrix, is reducedshows that anharmonicity affects the asymmetric stretching

2. LO-TO splitting of the F mode

C. Anharmonicity

1. F modes
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of the MO, tetrahedron. Therefore, as a first approach, we 835
fitted the observed transition wave numbe®r Avg 830 F BSO
=1,2,3,4) in BSO, BGO, and BTO to thos&,(v3), pre- 825 F
dicted in the framework of the Morse anharmonic oscillator 820 F
model?®?® This model has been successfully applied to di- 815
atomic molecules, as for example Oth alkali halides?®~2’ 810 : : : :
in fluoroperovskite$® in sillenites’® and in other oxide$’ ~ 885
In the w3 mode vibration of thaM O, group, the displace- =
ment of the four oxygens at the corners of the tetrahedron 9; 680 BGO
and that of thevi** at the center are along the same direc- 2 a5t
tion and opposite from each otH@Therefore the vibration —
can be regarded as that of a diatomic molecule built by the 26 670 ' ' . .
M4* and by a particle with a mass equivalent to that of the O 670
four oxygens and located at their center of mass. i

The Morse potential is a function of the distancde- A BTO
tween the two masses 665 - .

— 2 I L \ L )
U(r—re)=Des{l—exd — Ba(r—re) 117, D 860 ——————————

whereD, ; and B3 are the potential parameterB {3 is the Va

binding energy andr is the equilibrium distance. Then for

the transition 0-uv5 one obtains FIG. 7. Anharmonicity of thé- modes in BSO, BGO, and BTO

crystals: the ratio between the measured wave nurtiéo;) of
the O—uv3 transition and the vibrational quantum numhbey is
Go(v3)/v3= we 3zt Xzx(vat1) ) plotted vsv 3. The squares give the experimental data and the solid
line is the fitting according to Eq.2). For BSO the squares are
wherew, 3 andxz; are the zero-order frequency and the an-related to the lines due t&Si. The triangles are related f3SiO,
harmonicity constant, respectively, which are functions oftetrahedra “diluted” into BGO(top) and to GeQ tetrahedra “di-
the potential parametefS.According to Eq.(2) a plot of  luted” into BSO (middle).
Go(v3)/vs vsvs should give a straight line, from the slope
of which one can evaluate;;. This relationship was indeed since the reduced mass of the OH oscillator is 5% of that of
fulfilled for all the F modes detecteflip tovz=4) in BSO, the MO, unit, the anharmonicity parameter of the OH is
BGO, and BTO as shown in Fig. 7: thxg; values are listed about 4.5 times as large as that of SiGrurthermore, the
in Table IIl. In addition to the data related to SiOGeQ,, amplitude of the oscillations of OH is larger, even in the
and TiQ, tetrahedra in BSO, BGO, and BTO, respectively,ground state. This effect is even more pronounced in the
displayed by squares, Fig. 7 shows the dat@ngles re-  excited states, since the zero-order vibration frequency of
lated to the SiQ and GeQ tetrahedra diluted in BGQop)  OH is higher w.=839.9 and 3626.46 cnt for MO, and
and BSO(middle), respectively. The result provides further OH, respectively. This means that OH, when oscillating,
support to the assumption that the internal vibrations of thexperiences regions in which the potential shape deviates
MO, tetrahedra in BbMO,, are practically the same as meaningfully from the harmonic one, while the heawW0,
those of an isolatet O, tetrahedron diluted into a sillenite molecule oscillates nearer the bottom of the potential well,
matrix in which the host tetravalent ion is different fravh ~ where the harmonic approximation still holds rather well.
Thus the asymmetriE stretching mode of the tetrahedron ~ The anharmonicity parameter of thO, group, as for
can be satisfactorily described by the Morse model, whictOH™ in sillenites!® decreases by increasing the lattice con-
was proposed originally for a simple free diatomic molecule stant. This behavior is opposite to that observed for O
This confirms the hypothesis according to which the meaa large variety of alkali halides, where the anharmonicity
sured frequencies in BGO and BSO fv;=1) fit quite  parameter increases by increasing the lattice constarite
well the highest of the normal-mode frequencies of eO discrepancy can be explained by considering that in a simple
and SiQ molecular groups. lattice, as that of alkali halides, the lattice constant is closely
The anharmonicity parameters for the tetrahedral vibrarelated to the distance between the oscillator (Qldnd the
tion of the MO, unit X,=|X33/we 4 are 0.006, 0.004, and nearest neighboréhe alkali ion. Such a relationship does
0.003 for BSO, BGO, and BTO, respectively. These arenot hold for a more complex structure, as that of the silleni-
smaller than thatx,~2.5x 10" ?) reported for the localized tes with 66 atoms per cubic unit célin fact, the distance
mode induced by OH in the same matri¢8sdowever, at between the oxygens, sitting at the corners of ¥h@, tet-
least in the case of BSO, the valuef is nearly the same rahedron, and the neighboring Bi decreases by increasing the
for both molecular groups, i.e., 4.69 and 4.42 eV 60O, lattice constant® Therefore, the behavior of the anharmonic-
and OH?® respectively. The difference in anharmonicity pa- ity parameter vs the nearest neighbor distanceM@, and
rameters arises from the difference in reduced mags@he  OH in sillenites shows the same trend displayed by Qhl
anharmonicity parameter is proportional o % therefore, alkali halides.
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TABLE Ill. Morse parameters, i.e., zero-order frequenaigs; and w, 3, anharmonicity constants,,
X13, andxsz, and binding energy, 3 calculated using Eqg2) and(3) for BSO, BGO, and BTO.

Matrix weq (cm™?) X1 (cm™h) X;3(cm™h) X33 (cm™1) we3 (cm™Y) Des (eV)

BSO —4.9+0.2 835.7+0.7”  4.69+0.06
788.6+5.° —15+0.8 —-51+14 —48+0.6° 842.0:4.1°

BGO -2.9+0.2 682.8:0.68 5.46+0.14
7135:25  —-1.1+05  -03x0.7” —22+0.3 68L.7+2.0

BTO -1.9+0.£4  668.4-0.8 8.6+0.4
717.7+0.2 —-1.9+04 -07+x08 -11+0.2 666.7+1.3

8From the experimental data fitting to E@).
PFrom the experimental data fitting to E).

2. General approach and the mixedky3 is rather large; however it turns out they
A more general description of the anharmonicity, affect-2'® still lower than the anharmonicity of tlremode(except
ing theM O, tetrahedron vibrations, can be obtained by con-or the case of BTQ@
sidering also theA-symmetric mode in addition to the
F-asymmetric ones. By following the approach suggested by
Herzberd® for a polyatomic anharmonic molecule with . .
normal vibrations, characterized by the zero-order frequen- A similar analysis has been extended to the mixed (1

D. Mixed crystals

cies we; (with j=1,2,...m), the frequency —X)BSO-xBGO crystals. The overtone specfdetected up
Go(v1,04, ...) for thetransition 0,0...—vq,v,, ... is 10 v3=3) typical of BGO and BSO were both present, as
given by well as the combination oA andF modes, as shown in Fig.
4,
m
Go(v1,0z, - '):le “’?UJJr; k2>1 Xjvjvt -+, (3) 1. Two-mode behavior

In terms of their spectral behavior, mixed crystals may be
classified into different class¥sas follows.
. (i) One-mode behavior: this is typified by a single opti-
0_ = cally active mode whose frequency varies continuously from
@)= e F X T 2 .;,» Xk @ the)lirequency characteristic of one end member to that of the
other end-member with the mode strength remaining ap-
v; is the vibrational quantum number corresponding to eaclproximately constant.
normal vibration, and;, is the anharmonicity constant. The  (jii) Two-mode behavior: two optical mode frequencies in
terms of order higher than the second in the vibrational quanthe mixed crystal are observed to occur close to the end-
tum numbers and higher than the first in the anharmonicitynember frequencies. The relative strength and the frequency
constants are neglected. of each mode are approximately proportional to the fraction
Such a description can be applied to the present absorpf the formula weight of each component.
tion spectra due to th&-mode fundamental and overtone  (jii) Mixed one mode-two mode behavior.
transitions (3), to combination transitions, in whidh (w3) (1-x)BSO-xBGO mixed crystals show a typical two-
and A modes (v;) are simultaneously excited, and to the mode behavior. In fact, both BGO and BSO characteristic
Raman-activeA mode?~*3 (Table I)). By substituting in Eq. bands are present in the two- and three-mode absorption
(3) the experimental values o6y(v;,0v3,0) (with vy spectra of the mixed crysta(§ig. 4). The shift of each line
=0,1,2,3 and3=0,1,2,3,4) listed in Table II, one obtains a with respect to the position observed in the end-member
set of equationg1l for BSO and BGO and eight for BO crystals(i.e.,x=0 orx=1) was found to be a linear function
from which one obtains the values @f, ;, we3, X171, X13, of x or (1—x), respectively, as shown in the inserts of Fig. 4
andxszz. The results are collected in Table Ill. It is noted that for the two overtonedv ;=3 of GeQ, and SiQ vibrations,
wej (j=1,3), evaluated in this way, contains an additionalrespectively. Such a linearity is observed only if thealues
term%ijk (k=2,4). In fact, such a term does not behave asare those obtained from the chemical analysis of Si and Ge
an independent variable in the above set of equations, singserformed on the samples investigated, and not the nominal
data about transitions, in which , and/orw. 4 modes are ones(i.e., in the melt (Table ). The relative strength of the
excited, are not available. The agreement between the valu€eQ, and SiQ modes, as monitored by the area under the
of we 3 and ofx33 obtained by using the fitting of the experi- related absorption spectra, is approximately proportional to
mental data to Eq(2) and those calculated from E¢3) is  the Ge and Si concentratidifrig. 5), matching in this way
rather good, confirming the weak anharmonicity effects asthe last requirement for a two-mode behavior.
sociated with thew; mode. The error which affects the an- It should be emphasized that the BSO lines in the mixed
harmonicity x,; of the A symmetric stretching modew() crystals are slightly broader and show a less sharp fine struc-

where
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ture (see Sec. IV Bthan the corresponding ones in the end- y=ayVIKCy (6)
member BSQcompare, for example, curvesandb in Fig.
4). Such a result can be understood considering a randofior a wide class of materialdor example metals and alkali
distribution of GE* and Sf* ions at theM** positions at  halide3 at room temperature. The discrepancy can be ac-
the center of the tetrahedra, therefore the Si isotopes expeftounted for by considering that the present’s are related

. . . . . J
ence slightly different surroundings which cause a liney single well defined vibration modes, and are not averaged
broadening and overlapping. Similar I|_ne b_roadenlng_effect%n all lattice modes as in the caseptalculated from mac-
were detected for the OH absorption in the mixed |scopic parameters, according to E8). Moreover they are

H H 19
sillenites: , n evaluated at low temperatu® K), where the vibrational
As a concluding remark, the two-mode behaviowell  mode Grmeisen “constant” is expected to decrease

describes theMO, tetrahedron stretching modes in (1 considerabli?3* with respect to the high temperature value.
—X)BSO xBGO mixed crystals, not only for the fundamen- The fact that they related to the GeQvibrations is higher
tal transitions, as previously .report%’cﬁl but also for the  {han that related to the SiQribrations is consistent with the
overtones and the combination transitiof least up to higher microhardnessginversely proportional to the com-
three-mode transitionsas supported by the position and the pressipilityK) exhibited by BGO in comparison with that of
amplitude of the lines. BSO, while the thermal expansion and specific heat values
2. Vibrational mode-Gruneisen constants are very similar for the two systerns.
By changing the value of the lattice constara changes
as well, from the value typical of BGOaE=10.13281 A) to
that of BSO @=10.09404 A)(Ref. 19: this means that in The temperature induced shift of a given mode frequency
mixed crystals the vibrations=(and A modes of the GeQ and, as a consequence, of the line position is due to the
tetrahedron take place in a compressed latiiteomparison ~anharmonic coupling of the mode in question with phonons
to that of the BGO end membemhile those of SiQ occur and to the thermal expansion of the crystal. Although the
in an expanded latticén comparison to that of the BSO end f[hermal expansion _itself occurs as a reg,ult of anharmonicity,
membey. Since the harmonic force constant of the oscillatorit affects the “quasiharmonic” frequencies through the har-
may be a function of the volumie., of the lattice constapt ~ Monic force constant, which may change with the volume.
there is a lattice constant dependence of the vibrationdPften the direction of the shift arising from the two effects
frequencies! in addition to the anharmonic effects which (thermal expansion and anharmonigityay be opposite. As
are manifested through the temperature change as noted #rule the thermal expansion induces a “red” shift of the
Sec. IV E. As a rule, the vibrational frequencies decrease aslées. The anharmonicity effect is split into two contribu-
consequence of the lattice expansioriTherefore in the tions: the former arises from the coefficie of the cubic
mixed crystals the SiQtetrahedron vibrational frequencies term (in the expression of the anharmonic potential as a
should decrease, since the vibration occurs in an expandddnction of the ion separationwhile the latter arises from
lattice, while those of the Geyroup should increase since the coefficien, of the quartic term. While the former gives
the vibration occurs in a compressed lattice. This conclusiofise to a shift of the same sign as that induced by the thermal
is Supported by present experimenta' res(jﬁig. 4 and Ref. eXpanS|Or(|.e., a red Shlﬂ; the latter works in the OppOSIte
17). Moreover, since the lattice constants of the mixed crysdirection (i.e., a blue shift*** For the transverse optical
tals investigated are knowh, the vibrational mode- Mmodes of LiF and MgO a red shift has been observed as a
Grineisen constang, can be evaluated from the frequency function of the temperature, even though the shift amount
dependence on the JIattice constéing., volume.®! In fact was S”_‘a”’if than that exp_ected as a resu_lt of the the_rmal
one has ' ' ex_pansmr?. Thls_ smaller_ shlft Coul_d_be explained by con3|o_l-
ering the opposite contribution arising from the anharmonic-
1 _dlog(w;j/w; o) ity. In the case of the tetrahedral unit vibrations in s.iIIer)ites
Yo, =73 XW, (5  the lines attributed to thE overtones and to the combination
0 modes F,A) exhibit a prevailing blue shift as the tempera-
wherew;j o anda, are the frequency and the lattice constantture increaseg¢Sec. Il and Fig. & This result can be ac-
of the unperturbed latticer of the end-member system, i.e., counted for by assuming that the anharmonicity contribution
x=0,1) andw; anda are the same parameters for the per-to the shift given by the&k, coefficient prevails over those
turbed (compressed or expandethttice (or for the mixed induced by the thermal expansion akg. It should be re-
crystals, i.e., 8x<<1). For the mixed crystals the range of marked that the thermal expansion coefficients of BSO and
the (a/ap) values, and consequently of the(w; o), is BGO are of the order of 1610 ¢ K1 (for T>300 K) !
very small(a few thousandthstherefore only a hint on the considerably lower than that of LIFX100x10 % K1) in
values of vibrational modess at 9 K can be obtained. They the same temperature rangjeMoreover the anharmonic ef-
are the following:ysg . o~ ve 1 2a~ v3e~0.2 for SiQ, vibra-  fects could play a more important role in the present case,
tions, andy,g, o~0.4,y73.~0.6 for GeQ vibrations. The compared to LiF and MgO, since tllemode (fundamental
present figures are lower than those<(#<3) evaluated and overtonesand the combinationK,A) transitions occur
from compressibilityK, thermal expansion coefficieni,,, at higher energies; therefore, the oscillating atoms experience
specific heaC,,, and volumeV, according to a more anharmonic region of the potential well. According to

E. Temperature dependence
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Zhang a blue shift may occur when tlie, coefficient is —x)BSO-xBGO mixed crystals show a characteristic two-
positive®® Such a preliminary requirement is fulfilled by the mode behavior up to three-mode transitions. In fact, both
Morse potential which, according to Sec. IV C, describesBGO and BSO characteristic absorptions are present, the fre-
quite satisfactorily the interaction betwedtf* and the four —quencies are linearly dependent on the composition, and the
oxygen ions in sillenites. relative strengths are approximately proportional to the Ge
As a final comment, it should be remarked that the slightand Si concentrations, respectively.
disorder present in the mixed samples causes an inhomoge- The temperature dependence of the band position was
neous broadening of the lines, as expected, but does not adiso studied, mainly in the mixed crystals: the blue shift ob-
fect the temperature dependence of the line positions. In facserved over the 9—-300-K range for many lines is interpreted
for example, the trends of theF2and F + A mode position by assuming a dominant role played by the anharmonicity
vs temperature in pure BSO were the same as those disontribution described by th&, coefficient as compared
played in Fig. 6 and related to the mixed crystal ( with that coming from the thermal expansion
=0.477), the unique difference being a small shift to higher
wave numbers, as expected, on the basis of a smaller lattice
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