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Abstract. Measurements of infrared polarized reflectance spectra of single-coy8a80O3

have been made at room temperature in the wavelength range from 30 to 4080f@m
different orientations of the wave vectdr and the electric fieldE of the incident radiation
relative to the crystallographic axes. On the basis of Born and Huang'’s theory, relations between
characteristics of TO modes of the monoclinic lattice and the reflectivity for the orientations
used are established. Dipole momentum orientations, frequencies, strengths and linewidths of
almost all of the IR-active modes predicted by the factor-group analysis faz-BieO3 were
determined. Good agreement between experimentally measured and model spectra was achieved.
It was shown that in order to obtain reliable values of parameters, oh&les three spectra for
different orientations off in the ac-plane should be fitted simultaneously. It was found that

By modes have significantly greater intensities thannfodes. The effect of the rotation of the
principal dielectric axes within thec-plane was studied.

1. Introduction

A study of the bismuth oxide vibrational spectra is of special interest nowadays because
this compound is a parent substance for several families of Righuperconductors: the
copper-containing layered compounds Bi-Sr—Ca—Cu-O [1, 2] and copper-free perovskite-
type substances BaPhBi, O3 [3] and Ba_,K,BiO3 [4, 5]. Several groups have presented
infrared as well as Raman spectra o£@i [6, 7, 8, 9]. All of the spectra were measured
only for polycrystalline samples. In [6, 9] the IR absorption spectra were measured and in
[7] the IR reflectance spectrum was reported. The existence of a large number of IR-active
lines in a limited energy range embarrassed determination of their characteristics. In the
polycrystalline spectrum, modes of all species are presented simultaneously; therefore it
was practically impossible to make an assignment of each particular line. For this reason
we used a single-crystal sample @fBi,O3; and studied reflectance spectra for different
orientations of the wave vectds and the electric fieldE of the incident wave relative to
the crystallographic axes in order to obtain full information about lattice vibrations. Our
polarized spectra revealed large anisotropy of dielectric propertiesBd$O3 in accordance
with the complicated structure of its primitive cell.

The a-phase of the bismuth oxide has the monoclinic structure (space dtayfe, or
C3,) [10]. A unit cell of -Bi»Os3 contains four formula units; each atom is arranged in a
position of general type. Factor-group analysis enables one to classify the optical vibrational
spectrum ofx-Bi»Os in the following way [10]: 30 modesl5A, + 15B,) are active in the
Raman scattering; 27 optical vibratioti4A, + 13B,) manifest themselves in the infrared
spectra. Selection rules for the IR-active vibrations [11] lead to the conclusion that dipole
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momenta of the A modes are oriented along tlbeaxis and the B modes have momenta
lying in the ac-plane. Due to the presence of the inversion centre, IR and Raman modes
are mutually exclusive.

The compoundr-Bi,O3 belongs to the class of optically biaxial crystals. The principal
values of its dielectric tensai(w) are all different. In the monoclinic crystal one of the
principal dielectric axes coincides with tlieaxis; the others lie in thec-plane, but their
directions are not determined by the symmetry considerations. Moreover, it turns out that
the directions of these axes depend on frequency [11]. Therefore, conventional dispersion
analysis [12, 13], based on the scalar relations between the electri&fiafd polarization
P, can be applied for determination of the characteristics pim&des only. Correct values
of By,-mode parameters can be obtained by analysis of several reflectance spectra for the
vector E lying in the ac-plane, using formulas for the dielectric tensor and reflectivity
which take into account rotation of principal axes. We have introduced fon@les, along
with the usual frequency, strength and linewidth, an additional angle parameter describing
the direction of the dipole momentum associated with a particular lattice vibration. The
reflectivity for the geometries used was expressed on the basis of these parameters using
Born and Huang's theory of crystal dynamics [14] and principles of crystal optics [15, 16].
The simulation of all of the measured spectra by adjustment of the above-mentioned phonon
parameters was performed on the basis of established relations. We succeeded in obtaining
good quantitative agreement between the model and experimental spectra by introducing
a reasonable number of modes, which confirms the validity of the proposed model. In
this paper we shall describe this model in detail, and focus on the peculiarities of the
corresponding technique of mode characteristic determination. Then we will discuss the
parameters obtained for the TO modesaeBi,O3. At the end we will analyse to what
extent the effect of dielectric axis rotation is exhibited in the far infrared.

2. Experimental details

Single-crystakv-Bi, O3 was obtained by hydrothermal synthesis in alkaline water solutions.
Synthesis was carried out in an autoclave at a temperature of about 573 K and pressure of
8 MPa. The x-ray spectral microanalysis performed with the spectrometer CAMEBAX-301
demonstrated the absence of impurities in the crystal with an accuracy of about 0.01 wt%.
At room temperature the unit-cell parameters of the monoclinic crystal lattieé.8504A,

b =8.1708A, ¢ = 7.5136A, 8 = 113 were in agreement with the previously published
data [10]. The crystal had a good-quality natural face nearly parallel tadimane (with

an accuracy of-4°) having dimensions of about¥ 7 mm. An additional side parallel to

the b-axis and perpendicular to the-axis with the dimensions.& x 7 mm was cut and
mechanically polished.

The reflectance spectra were studied using two grating-type spectrophotometers, IR-460
(4000-400 cm') and FIS-3 (400-30 cmt), each having a special reflection attachment
constructed after the monochromator. A set of light sources, detectors and grid polarizers
with overlapping working ranges were used. The polarizer was mounted between the
monochromator and the sample. The varying of the polarization angle was performed by
rotation of the polarizer; the orientation of the sample was always fixed relative to the optical
set-up. The infrared beam was focused on the crystal surface at an average incidence angle
of about 15. A special manipulator was designed to automatically interchange the sample
and a gold mirror with good accuracy. In the far-infrared region, when measurements were
executed slowly with large accumulation, the sample and mirror were interchanged at any
frequency point to remove the influence of the signal drift. The spectral slit width was
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maintained to be within about 1-2% of the wavelength. The noise-to-signal ratio varied
from 1 to 4% (in several spectral regions the signal was noticeably diminished as a result
of the double attenuation of the light by the monochromator and the polarizer). The degree
of polarization was better than 95% for all wavelengths.

1.0
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Reflectivity
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Wavenumber (cm™)

Figure 1. The reflectance spectrum, measured at room temperature when the electric field
E of the incident radiation was directed along thexis. Experimental points are shown by
open squares. The solid curve corresponds to the model spectrum for parametgnsodds,
presented in table 1. Vertical lines mark the frequencies of modes that were obtained. In the
inset the low-frequency part of the spectrum is shown.

In figures 1 and 2 four reflectance spectra measured at room temperature in different
reflecting geometries are presented for the range 30-70C,cwhere all the phonon
frequencies are observed. In the first case (figure 1) light was reflected from the face
oriented perpendicular to the-axis. The electric fieldE of the incident radiation was
directed along thé-axis. The other three spectra (figures 2(a)-2(c)) were measured when
the reflection was from the—c-face. The anglg between the direction df and thea-axis
was 0, 45 and 90 respectively (all of the angles introduced in the current paper, which
describe the orientation of a certain vector within #laeplane, were measured anticlockwise
relative to thea-axis; see figure 3). The particular choice of reflectance geometries was
determined by considerations discussed in section 4. We can see from figure 2 that the
varying of the electric field direction within thec-plane results in a very strong variation
of the spectrum shape. For example, the value of reflectivity at 310" sraries from
0.15 forx = 0° to 0.8 for x = 90°. Before discussion of the experimental data and their
numerical analysis we shall introduce a simple model which links reflectivity with phonon
parameters of the monoclinic lattice.

3. The dielectric tensor in the far infrared

Born and Huang in their fundamental work [14] have given a phenomenological and
microscopic description of the lattice dynamics in the infrared region. They have shown that



6202 A B Kuz'menko et al

1.0

Reflectivity

Reflectivity

Reflectivity

0 100 200 300 400 500 600 700
Wavenumber (cm’)

Figure 2. Reflectance spectra, measured at room temperature for different directions of the
electric field E of the incident radiation within thec-plane. The direction is described by

the angley between the vectoE and thea-axis. (a)x = 0°; (b) x = 45°; (c) x = 90°.
Experimental points are shown by open squares. Solid curves correspond to the model spectra
for parameters of Bmodes, presented in table 1. Vertical lines mark the frequencies of modes
that were obtained.

both approaches lead to the following tensor of the dielectric funétian («, 8 = x, y, z):

) M 'aldjﬁ
€up(@) = €25 + 4 B 1)
* p Z]: ng —w? — iy
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113° Figure 3. The relative arrangement of the cartesia®, %, z) and
a x crystallographicé, b, c) systems of coordinates. The axgandb are collinear
and directed away from the reader.

where woj, y;, and M; are the frequency, damping coefficient, and effective dipole
momentum corresponding to themode (the summation is performed over all of the
IR-active modes)iz; is the contribution from the high-frequency electronic excitations.
Rigorous microscopic analysis of the dissipation caused by the potential anharmonicity gives
frequency-dependeny; [14, 17]. However, an approximation in whigh is supposed to
be constant is widely used. Justification of such an approach may be found, e.g., in [13].
In this paper we shall also s¢f as a constant mode parameter. So we shall not directly
consider multi-phonon resonances, which should be described by a theory of the next order.

It is important that due to the existence of the macroscopic electric field caused by the
longitudinal component of the lattice polarization, all phonon parameters depend on the
direction of the wave vectok even whenk| — 0 [14]. One can eliminate this ambiguity
by consideration of only TO vibrations. Orientations of the crystal surface and the incident
radiation were always chosen so that the vectors of the electricElettisplacemenD and
polarization P were perpendicular to the wave vecter In this case the electromagnetic
wave interacts only with TO lattice modes.

According to expression (1), the contribution of each vibrational mode to the infrared
properties of the anisotropic crystal is in general described by five real paramefens:
and three components &;. Using symmetry considerations it is possible to reduce this
number; that is, vectaM; for each A mode has only one component parallel to bhaxis;
the direction of the B-mode dipole momentum lying in thec-plane can be described by
one angle parameter.

Let us introduce now a cartesian right-handed system of coordinateeelated to the
crystallographic system as follows: || a, y || b, z L & and L y (figure 3). In this system
the tensok (w) has the following structure:

€)CX 0 EXZ
€= 0 ¢, 0 |. (2)
€ 0 €.

iz

According to (1) non-zero components of (2) can be written in the form
2

00 @pj
€y =€y + Z 2 2 _ivs ®)
wp; — @ Vi

A, modes
2
w?, cos 0,
pJ J
Ce=ent D g @)
By modestj w vj@w
2 .
w2, sif 6;
pj J
ezz:E;?+ 2 _ 2 iy (%)
By modestj w Vjw
2 .
w?. COSH; SIinb;
pj J J
€xz = €x = 6:? + E > T (6)

— w2 —ivew
B, modeswoj w ija)

Here we have substituted for the effective dipole momentum with the corresponding plasma
frequencywﬁj = 471Mj2 and have introduced for each, Bhode the anglé; between vector
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M; and thex-axis.

4. Calculation of the reflectivity

Given model expressions fé(w), the reflectivityR (w) for each geometry can be calculated
using the boundary conditiong;, = E5, H;, = Hy. In this section we shall always
consider normal incidence of a linearly polarized plane wave onto the crystal surface.
Different cases of reflectance geometry may be classified by the directions of the J@ctors
andk of the incident wave. The wave vector of the refracted wave is also perpendicular to
the surface because the tangential componekt miust be invariant. We shall analyse two
special cases of reflectance geomet#y] b, k || (a—c) andE | (a—c¢), k || b. The reasons

for this choice are: (i) the set of spectra under consideration must contain information about
all of the vibrational modes; (ii) each spectrum should depend on only one mode species
(Ay or By); (iii) the incident wave must excite only TO vibrations inside the crystal.

4.1. The case wherE || b, k || (a—c): probing of A, modes

As the vectorE is directed along the principal dielectric axis, the propagation of the
electromagnetic wave inside the crystal occurs in the same manner as for the cubic crystal
with € = €,,. So, the direction ok within theac-plane is of no importance. The reflectivity

is given by the usual Fresnel formula for derived cubic crystals:

2
ey -1
/€y +1

wheree,, is determined by A modes only (equation (3)).

The conventional method of treatment of such a spectrum (dispersion analysis) is that
of selecting the phonon parameters in (3) giving the best agreement between the model and
the experimentally measured spectrum [12].

4.2. The case wherE || (a—c), k || b: probing of B, modes

This case is more complicated than the first one, because the directions of the principal
axes ofé(w) in the ac-plane are not fixed. From Maxwell's equations and the boundary
conditions an important conclusion follows: that the vectBrsD and P of the refracted

wave lie in theac-plane. This means that only TO modes are excited.

It is well known [15, 16] that to a certain direction ef= k/|k| inside an anisotropic
crystal there correspond exactly two waves with different refractive indicasd mutually
perpendicular amplitudes of the electric fiditl(when this direction does not coincide with
the optical axis). We shall designate all of the values corresponding to these waves by the
subscriptsu andv. The valuess,, n, and vectorsk,, E, can be found by solving the
algebraic system of equations [16, 17]

[604;3 - nz(aaﬁ - Sasﬂ)] EB =0 (7)

In our particular geometry, we shall consider onlyand z-components of the electric
field becauseE, is zero. In contrast, only, is non-zero. Hence the system (7) is simply
the equation for the eigenvectors and eigenvalues of

€xx — n? €xz E, -0
€zx €2z — n2 Ez T
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Setting the determinant to zero, we obtain

niv = (1/2)(€xx +e€,,+ \/(Gxx — Ezz)z + 4652)

As € is symmetrical, an orthogonality is operativéE, - E,) = E, E,. + E,,E,, = 0.
Let us consider normalized vectoes , = E, ,/|E, ,|. Their components can be written
in terms of the angle betweenE, andx (or betweenE, and z):

o (E) ()
Sing COoSsyp

Equation (7) is valid even for the case of strong relaxation (when the imaginary part is
comparable with the real part of the dielectric function). As a result of damping;-thad
z-components oF, and E, are generally shifted in phase; this means that the corresponding
waves are elliptically polarized. In this case the valueodfecomes complex. It is related
to the components of by a simple formula:

2¢, .
tan2p = % = (26;’;’ + ZLJ- sin 29j)/<e§§ — €+ ZLj cos%) (8)
i i

xx — €z

where we have denoted the Lorentziasfs/(w§; — w* — iy;w) for brevity by L;.
Let us now present the electric field outside the crystal as a sum of incident and reflected
waves (omitting the time factor exp-iwt)):

E; exp(iwy/c) + E, exp(—iwy/c).
In the crystal volume, the wavels, and E, are excited:
E,e,exp(ion,y/c) + E,e, exp(ion,y/c).
To find E, and E, we need to consider the boundary conditions on the crystal surface
(where we assume = 0). They may be written in the form
E,+E. =E,e, + E,e, 9)
E,—FE, =n,E,e, +n,E,e,. (10)

Using the orthogonality oé, ande,, let us decompose the incident wave using them as a
basis:

E; = (E; - e))e, + (Ei - ey)e,. (11)
Substitution of (11) into the sum of (9) and (10) yields
2(E; - e,)
uy = 714_"“’1} .
After subtraction of (10) from (9) we may immediately exprdgsusing E;:
E, =r,(E;-e)e, +r,(E; - e)e, (12)

where ther, , = (1—n,.,)/(1+n,,,) are complex reflectivities corresponding to the waves
E, andE,.

It is convenient to rewrite relation (12) in the forf. = 7 E;, introducing the complex
reflectivity matrix:

2 2
. ( ru€2, +rye?. Fu€ux€u; + rv€yxey; )

2 2
Tu€yxeyz + I'eyx€y; rye,, +ryey,

_( rucofg+r,sifg  (r, —r,) COSpSiNg (13)
“\ (ru —ry)cospsing r,sinfg+r,cofe )
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The experimentally obtained reflectivity is the ratio between the intensities of the
reflected and incident waves:

L |ELPHIEP
Ii |Eix|2+|Eiz|2
To calculate the reflectivity it is necessary to introduce the apgbetweenE; and the

x-axis:
E = Ei< cosx ) (15)
Siny

(14)

Substituting in (15) and (14) using the matrix (13), after some transformations we can
obtain the final expression for the reflectivity, containingnd x in the combinatiorp — :
2 2

ru+rv Fy — Ty .
+ sin2(p — x)| . (16)

2+2

The following question arises: how many spectra for different angleshould be
measured to extract information about the parameters,oh&Iles? Evidently, knowledge
of only one spectrum is insufficient, because in comparison to the first case an excess of
parameters is obtained. To remove this excess, measurement of several spectra must be
performed. It turns out that when three spectra are known, measurement of an additional
spectrum yields no extra information in the framework of the current model. To prove this,
let us focus on ther-dependence of the reflectivity. From (16) we may derive tRgt)
is an oscillating function with the period:

R(x) = Ro+ Asin2y + BcosZ

ry — 1y

R =

cosdy — x)

where
2

ry +ry n

2
is the reflectivity of non-polarized light; we shall not write the cumbersome expressions for
the coefficientsA and B here. Suppose we have measured three spREfra w), R(x2, ),

R(x3, w). As may be easily checked, the spectrum at any other gnglan be presented

as a linear composition:

R(x, w) = a1R(x1, @) + 22R(x2, @) + 3R (X3, ®)
with w-independent coefficients:
o — S_in(x - Xx2) Sin(x — X3)
Sin(x1 — x2) Sin(x1 — x3)
= S_in(x - X1 Sin(x - Xx3)
SiN(x2 — x1) Sin(x2 — x3)
s = S_in(x — x1) Sin(x —x2)
Sin(x3 — x1) SiN(x3 — x2)
In particular, the following relation holds:
R(0°) + R(90°) = R(45°) + R(—45").

We have intentionally checked that within experimental errors this relation is satisfied for
all wavelengths.

We have found that the most reliable values of phonon parameters can be obtained as
a result of simultaneous fitting of three spectra for different angles of polarizations. In this
work we have chosen the most natural set of angles: 0°, 45° and 90.

2
Ro = (| cos 2% + | sin 2p|%)

ry — 1y
2
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5. Results and discussion

The relations derived in the previous section were applied to the simulation of experimental
spectra and the determination of the parameters pfaAd B, modes ofa-Bi,Os3. In
figures 1 and 2 model spectra are shown by solid curves. The fitting was carried out by
the least-squares method. Minimization ot was performed by the Marquardt technique
described in [18], with analytical calculation of the partial derivativeg dbased on model
parameters. Each experimental spectrum contained 1000 frequency points in the spectral
region processed (30-1000 thy. This was sufficient for introducing 11 Amodes and

11 B, modes to satisfactorily describe all essential spectral peculiarities; it is slightly less
than the value that the factor-group analysis predicts: ;J4A3B,. The remaining three

A, modes and two Bmodes are possibly too weak to be observed; besides, some wide
bands (especially ones with frequencies higher than 200 tmay be composed of several
overlapping modes. For example, an additional weak mode with a frequency of about
400 cnt?! possibly should be added to the presented set pfmédes, and a mode with

a frequency of about 340 crh possibly should be added to the set of Biodes. The
forthcoming experiments at low temperatures would probably make it possible to locate the
missing modes.

Table 1. Characteristics of the observed IR-active TO modes obtained-f#inOs3.

Frequency Plasma frequency = Damping Polarization  Strength  Linewidth

wo (cm™) o, (cm™) y (cm™1)  angled w3 /wh v /wo
Ay modes

37 47 1.1 — 1.59 0.030

58 34 2.0 — 0.35 0.034

99 61 3.9 — 0.38 0.039
130 88 6.0 — 0.45 0.046
153 99 11.5 — 0.41 0.075
185 140 12.3 — 0.57 0.066
209 299 17.8 — 2.04 0.085
280 463 36.5 — 2.72 0.130
314 453 44.8 — 2.08 0.142
486 302 32.6 — 0.38 0.067
544 161 18.6 — 0.09 0.034
By modes

58 145 2.5 31 6.10 0.042
102 422 6.8 —48 17.0 0.067
145 417 3.8 48 8.24 0.026
175 377 75 17 4.64 0.043
179 847 17.3 —86° 22.4 0.097
222 616 22.7 12 7.68 0.102
280 578 29.4 87 4.26 0.105
362 377 33.9 —43 1.08 0.094
401 622 30.8 23 241 0.077
414 301 26.4 -39 0.53 0.064
504 228 19.8 10 0.20 0.039

Model parameters of the Aand B, modes are presented in table 1. Convenient
dimensionless constants—the strengdj/wg and relative linewidthy /wg—are also
presented for each mode. The mode frequencies obtained are shown in figures 1 and 2
by vertical dotted lines for comparison with the spectral peculiarities. The components of
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the high-frequency dielectric tensé® were adjusted along with the other parameters. We
found the following values for theme?y = 6.2, €77 = —0.3, €7 = 6.5, €]) = 4.6. The

ratio between the number of adjusted parameters (including compone#éts)adnd the
number of experimental points considered was approximately 1/30 fonddes and 1/60

for B, modes. To assess the parameter-adjusting errors caused by the signal noise we have
repeated the adjustment of the parameters several times after addition of artificial noise
having the dispersion of the real noise to the signal. During this procedure, the values of
all of the frequenciesy; varied by no more thas1%. The plasma frequencies,; and
damping constantg; were less stable: they varied by up4d5%. The angles; of the B,

modes turn out to be quite well defined: they varied on averagelsy maximum variation

for the 175 cnm* mode wast5°. This fact confirms the applicability of the current method

for determination of polarizations of Bphonons. It is noteworthy that we succeeded in
firmly resolving two closely located Bmodes, at 175 and 179 cth This was possible
because, owing to the different polarization anglgsthese modes contribute to the three
spectra in figure 2 in different ways. The ordinary dispersion analysis technique [12] does
not allow one to resolve such overlapping bands. The credibility of the results (especially
for the B, modes) is also seen from the fact that formal fitting of measured spectra with the
Fourier series with noise filtering [19] with the same accuracy requires approximately five
times as many parameters as we used.

We have established that the previously observed intensive low-lying mode at37 cm
belongs to the set of Amodes (in accordance with the suggestion in [9]). Thus, the
behaviour of the reflectivity in figures 2(b) and 2(c) near the low-frequency boundary of the
spectral region studied points to the existence of a very low-lyingBde in the vicinity of
30 cnT!. Unfortunately, we could not see the left-hand side of this band, so its parameters
remain unknown. In this respect it is interesting to note that the analysis of the polarized
Raman spectra of single-crystatBi,Oz [20] showed, with confidence, that there are no
Raman bands lower 50 crh (down to 15 cn?).

The highest frequencies that we observed were 544%cfor A, modes and only
504 cnt! for B, modes, whereas in [9] frequencies of 598 ¢nand 587 cm' were
reported. The highest frequencies, obtained from polycrystalline reflectance spectra [7], are
in accordance with our data.

Inasmuch as the previous measurements-&i,O3; IR spectra [6, 7, 9] were made
on powder samples, it was impossible to make an assignment of the peculiarities found
in the spectra to the Aand B, modes. The only attempt at an assignment undertaken in
[9] was based on the results of calculations of lattice vibrations performed by the Wilson
Green function matrix method. On the whole, the satisfactory correspondence between the
frequencies obtained from our analysis and the frequencies reported by other authors [7, 9]
is obtained only for modes with wavenumbers lower than 200¢crfor the remaining
spectral region the correspondence is poorer. Our results agree better with data obtained
from the reflectance spectrum [7] than with those from the absorbance spectrum [9]. So the
interatomic interactions involving the oxygen atoms determined in [9] need refinements.

The method proposed in the current paper gives more reliable information on phonon
frequencies, the problem of mode assignment being solved automatically. New information
about polarizations of Bmodes is an additional reference for checking of interatomic
potential models. Plasma frequencies should also be used along with other parameters
because they contain information about effective ionic charges. Exact information about
Bi—O bonding is necessary to provide answers to many questions. In particular, it is of
interest for the explanation of recently observed unusual magnetic propertie8igD3
[23]. Besides this, bismuth’'s complicated valence properties in oxide systems have been
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extensively discussed [21, 22].
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Figure 4. The frequency dependence of the real (solid line) and imaginary (dotted line) parts
of €yy (a) and(1/2)(exx + €;7) (b).

In figures 4(a) and 4(b) the complex dielectric functions alongtieis, €,,, and in
the ac-plane, (1/2)(e.x + €;;), are shown. The latter combination was chosen in such a
form because: (i) it is invariant relative to the rotation of the system of coordinates within
the ac-plane; (i) it does not depend on the anggs (iii) for a cubic crystal it would be
equal just to the dielectric function. The maxima of &fw) determine the frequencies
of the TO modes. From a comparison of figures 4(a) and 4(b) (note the different vertical
scales!) we come to an important conclusion that on averggmdles are significantly
more intensive (have greater effective charges) thammades. Correspondingly, plasma
frequencies and especially mode strengths pfri®des are on average greater than those of
A, modes (see table 1). Twq,Bnodes, at 102 crit and 179 cm?, are the most outstanding
as regards strength. Another qualitative difference between the two mode species lies in
the frequency distribution of the line intensities: that is, the most intensivanaddes
(excluding the mode at 37 crh) are located between 185 cfand 314 cm?, whereas
the strongest Bmodes lie in the range from 58 crhto 222 cnt!. The observed effective
charge distribution anisotropy needs to be explained by calculations in the framework of an
interatomic potential model.

It follows from the preliminary results of our calculations as well as from [9] that
the lowest IR-active modes with wavenumbers below 150 crre related mainly to
displacements of Bi atoms. Optical modes with intermediate wavenumbers are evidently
determined by movements of both Bi and O atoms; the highest modes are predominantly
connected with oxygen displacements. So we may infer that the intensity, oodles
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is specified mainly by the effective charges of O atoms, while the intensity, ah&les
pertains equally to Bi and O effective charges.

Using the parameter values obtained, we have derived from equations (3)—(6)
approximate values of the components of the static dielectric tensor at room temperature:
€,y(0) = 15.7, €,,(0) = 37.0, €,;,(0) = —0.4, €,,(0) = 60.1. One can see that the largest
value of the static dielectric constant is along thaxis (perpendicular to the-axis), and
the smallest value is along tlieaxis. Substantial differences betweg®) in the ac-plane
and €(0) along theb-axis are a consequence of the above-mentioned distinction between
intensities of A and B, modes. The anisotropy af(0) within the ac-plane is largely
determined by the polarization directions of thg Bodes at 102 cmt and 179 cm?,
having the largest strengths (table 1).

180

45 L | L i L i L 1 1 | L 1 L
0 100 200 300 400 500 600 700

Wavenumber (em™)

Figure 5. The frequency dependence of the anggs (solid curve) andyp; (dotted curve)
defined by equation (17). Solutions of (17) in different spectral intervals were chosen in such a
way as to obtain a continuous resulting function.

One of the key optical features of monoclinic crystals is rotation of the principal
dielectric axes within theuc-plane with frequency variation. As long as all of the
components of the dielectric tensor are known in the framework of the current model,
it is possible to study this effect numerically. The rotation of the dielectric ellipse can be
described by the angle between its principal axis, corresponding to the maximal eigenvalue,
and thea-axis. We must keep in mind, however, that so far we have operated with
the complex dielectric tensor as a whole, without separating it into real and imaginary
components. Re and Imé cannot be in general diagonalized in one system of real
coordinates [15], but the complex tensor can be diagonalized in the basis of complex vectors
e, ande, (see section 4), whose andz-components may be shifted in phase. Therefore,
the value ofy defined by the formula (8) is generally complex. To describe the rotations
of the axes by true angles, we have separated the real and imaginary patthefatter is
proportional to the optical conductivity: Ifh= 476 /w), and calculated the corresponding
anglespr and¢; using formulas like (8):

2 Ree,, 2Ime,,

tanpp = ———— - tan2p; = —————=
% Ree,, — Ree,, % Ime,, —Ime,,

In other words,pr and ¢; are angles between the-axis and the principal axes of Re
and Imé, corresponding to the maximal tensor eigenvalue indhplane. The frequency

(17)
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dependences of these angles are shown in figure 5. Equations (17) define angles accurate
to /2; therefore the choice of solutions for different spectral ranges was determined by
the continuity of the resulting function. From figure 5 we can see that: (i) the effect of
axis rotation in thezc-plane ina-Bi,O3 is substantial; (ii) the principal axes of Reand

Imé are not collinear (with the exception of at several frequency points, where the curves
for pg ande; intersect). Neglect of the principal axis rotation would result in errors in the
determination of the phonon characteristics.

6. Conclusion

For the first time infrared reflectance spectra of single-crystBi,O; have been reported

for different directions and polarizations of the incident wave. A method is proposed for
classification of vibrational TO modes and determination of their characteristics, including
the orientation of the dipole momentum. It is an extension of the conventional dispersion
analysis of IR reflectance spectra to the case of a monoclinic lattice with non-fixed principal
dielectric axes. According to this method, the characteristics ofmBdes are determined

by the simultaneous treatment of three reflectance spectra for different orientations of the
electric field within theac-plane on the basis of relations for the reflectivity derived in
section 4. Using this procedure we have obtained and classified almost all of the optical
phonons ink-Bi,O3. Our measurements revealed large anisotropies of dielectric properties
of «-Bi»,O3: B, modes turned out to be several times more intense thamédes. This
means that dipole moments arising in theplane from displacements of Bi and O atoms
are markedly larger than those appearing parallel totdaxis. The data obtained can

be utilized as a reference far-Bi, O3 lattice dynamic modelling and interatomic potential
adjustment. The calculated values of the static dielectric tensor component are useful for
understanding anisotropic elastic properties of single-crysti,Os.
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