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Infrared and Raman spectra of polycrystalline Y,0; as well as
polarized Raman spectra of Y,0, single crystals have been mea-
sured. A complete assignment of the bands is proposed. A normal
coordinate analysis using a generalized valence force field enabled
us to fit the observed frequencies with a satisfactory accuracy
(3.5%). The calculated force constants are discussed and com-
pared with those of «-AlyJ; exhibiting the same atomic coordina-
tion. © 1995 Academic Press, Inc.

INTRODUCTION

Yttrium sesquioxide crystallizes in bixbyite structure
as do many oxides including the sesquioxides of rare
earth elements (1}. The structure was studied by different
authors using X-ray diffraction (2, 3) and neutron diffrac-
tion (4, 5). The most recent study is that of O’Connor and
Valentine (5) and their data have been kept in the present
work. The Raman and IR spectra of different rare earth
sesquioxides have been published and for Y,0;, the Ra-
man and IR frequencies are not unambiguously known.
IR studies were made by Baun and Mc¢Devitt (6, 7) Ni-
gara (8), and White and Keramidas (9}. Raman scattering
data were given by Schaack and Koningstein (10) work-
ing with single crystals of Y0, doped with 0.1% Er and
B% Eu and by Gouteron et af. (11} who studied single
crystals of cubic sesquioxydes of Yb, Ho, Y, and Sc.
They assigned their spectra with reference to the assign-
ment proposed by Lejus and Michel (12) for a single
crystal of isostructural oxide Er,O;. These works did
not allow the observation of the expected number of fre-
quencies. Moreover, no polarized Raman spectra of pure
Y;0; have been published yet.

First, we have completed these experimental data,
then a normal coordinate analysis (NCA) has been car-
ried out in order to obtain information about the chemical
bonds from the calculated force constants.

! To whom correspondence should be addressed.
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EXPERIMENTAL

Sintered pellets were prepared from high-purity
(99.999%) Y,0; powder by isostatic heating in air at 2120
K for 1 hr. A single crystal of Y,0; was synthesized by
the Verneuil method. It is very difficult to obtain single
crystals of good optical quality, because the powder is
fused at high temperature (melting point, 2680 K) and
during cooling the crystal is subject to important internal
stress; moreover, a phase transition occurs from
the high-temperature hexagonal form o the cubic
form and induces defects such as cleavage planes corre-
sponding to the (111) planes of the cubic crystal. The
single crystal was oriented by the Laue method in the
(100} plane then cut in the form of a small cube with
a 5-mm edge, and optically polished with a diamond
paste.

The Raman and IR spectra of polycrystalline samples
were recorded with a Brucker IFS 113 + 88 spectrometer
equipped with a2 FRA 106 FT Raman accessory with a
YAG excitation source (A = 1.06 um); for the Raman
spectra, the scattered radiation was collected with a
retrodiffusion geometry. The low-temperature spectra
were recorded with a MMR Technology microcryo-
stat with the Joule-Thomson gas expansion technique; a
small Y,O: crystal was fixed by grease to the sample
holder. The IR absorption spectra were recorded
in the range 4000-200 cm~!: the samples were in
the form of powder dispersed in Csl pellets. The IR re-
flectance spectra were obtained with a sintered Y,0;
platelet.

For the polarized Raman spectra of the crystal, a Dilor
microprobe apparatus was used with 90° and 180° geome-
tries and an argon ion laser was used as an excitation
source (A = 5145 A). The normal coordinate analysis
(NCA) treatment was carried out with the Schacht-
schneider GMAT and VSEC programs {13) modified by
Bates (14) according to the Shimanouchi method (see
Ref. 15), and a generalized valence force field (GVFF)
was chosen.
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RESULTS AND DISCUSSION

Previous Structural Data

Yttrium sesquioxide crystallizes in the cubic system,
space group Ja3 (7,7) with a = 10.604 A and Z = 16. The
structure is related to the fluorite structure, with each
yitrium ion located at the center of a cube from which
two of the eight nearest neighbor oxygens of the fluorite
structure have been removed. The remaining oxygens are
slightly displaced from the cube corners. Two arrange-
ments of oxygens occur (Fig. 1): in the first, the oxygens
are removed from a face diagonal and the yttrium ion is
displaced from the center of the cube so that it has C, site
symmetry; in the second, two oxygens are removed from
the body diagonal producing a C; point symmetry at the
yttrium ion site; the cubic cell contains 24 Y on C; (24d)
sites and 8 Y on C5; (8b) sites. Each Y atom in the Cy; site
is bonded to oxygen atoms by six equivalent Y~O bonds
of 2.28 A (d, set}); eachﬂ Y atom in the Cy; site is bonded to
two oxygens at 2.243 A (d; set), two others at 2.274 A (d;
set), and two others are 2.233 A (d, set). In this structure,
each Y atom occupies a distorted octahedral site. YOy
octrahedra are linked by corners and edges so that all O
atoms (48¢) are equivalent and are bonded to 4 Y atoms.
The projection of the structure in the ab plane is given in
Fig. 2.

A precise examination of the crystal framework shows
that:

(i) A Y(,)O¢ octahedron is linked by corners to six
Y(c)O¢ octahedra with Y,—Y ¢, distances of about 4.0
A and by edges to six Y05 octahedra with Yic,~Y ¢,
distances of about 3.5 A.

(i) A Y,0Os octahedron is linked by corners to two
other Y(,,0s octahedra and four Y ,0¢ octahedra with
Yi,-Yi, and Y,~Y() distances of about 4.0 A
and by edges to six YO octahedra with Y ;- Y, dis-
tances of about 3.5 A.

The chemical environment of each set of bonds is the
following:

() Ina Y, O octahedron the d; bonds share their
oxygen atom with another YO octahedron linked to the
first one by a corner and with two other YOg octahedra
linked by an edge,

(i} In a Y04 octahedron, the d> bonds share their
oxygen atom with two other YOg octahedra linked to the
first one by a corner and with another YOg octahedron
linked by an edge.

(1ii) The d; bonds share their oxygen atom with an-
other YO, octahedron linked to the first one by a corner
and with two other Y linked by an edge.
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FIG. 1. Yttrium ion site in the cubic form of Y,0s. (a) C; site; (b) Cy;
site.

(iv) The d; bonds share their oxygen atom with three
other YO, octahedra linked to the first one by an edge.

Spectroscopic Data

As the structure is body-centered, the unit cell con-
tains the primitive cell twice; the latter cell containing
cight formula units was used for the theoretical number-
ing of vibrations. The irreducible representations for the
optical and acoustical modes from the Bhagavantam
method (16) are

Tp=4A, +4E, + 14F, + 54y +5E, + 16 F,

where (R) stands for Raman active, (ir) for infrared ac-
tive, and (i) for inactive. Twenty-iwo Raman lines of A,,
E,, and F, modes and 16 F, infrared bonds are then pre-
dicted.
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FIG. 2. Projection of the structure of Y,0; in the ab plane.
(dl_dz___dJ. . .d.g—‘—-‘ bonds).
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Figure 3 displays the Raman spectrum of polycrystal-
line Y,0s recorded at 300 K. Fourteen lines are observed
instead of the 22 expected. The Raman spectrum re-
corded at 80 K is depicted in Fig. 4. The comparison of
nitrogen and room temperature data reveals (i} a very
small shift in frequency with temperature (about 2 cm™1};
(ii) a decrease in the linewidth with temperature for all
the lines, allowing the 399 ¢cm™' line to be clearly sepa-
rated from the 376 cm™! line, but no new line appears.
The broad range frequencies at 280-240 c¢cm™!, which
were not assigned in the previous works, were not ¢on-
sidered as fundamental lines in the present study.

Figure 5 displays some of the recorded polarized Ra-
man spectra, Taking into account the orientation of the
crystal we were able to separate the F, modes from the
E, + A, modes, but it was not possible to separate the E,
modes from the A, modes (see Table 1), These results
complete those of Lejus and Michel (12), Gouteron et al.
(11}, and Schaak and Koningstein (10), who studied crys-
tats oriented in the (I11) plane; in this case, for the differ-
ent polarizations, no mode may be separated from the
two others but the calculated relative intensities of the
lines theoretically permit the separation of those belong-
ing to the three active modes. The examination of our
spectra allows the characterization of the quality of the
polarization: For example, the 318/329 cm™! lines are
quite well polarized. In the (zz) orientation the 318 cm™!
line is practically extinct; thus the 329 cm™' line was
assigned to an A, or an E, mode. In the {xz) orientations
both lines are clearly present; thus these two lines were
assigned to F, modes. It seems that the optical quality of
the crystal is sufficient to observe valuable polarizations
of the lines. The Raman spectra y(xz)y and y(xz)x exhibit
13 lines instead of the 14 F, expected. They were all
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FIG. 3. Raman spectrum of Y,0; at 300 K (obtained by the addition
of 20,000 scans}).
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FIG. 4. Raman spectrum of Y;0, at 80 K {obtained by the addition
of 1000 scans). (@) grease lines; (¥) electronic Raman lines.

assigned to &, modes. In comparison to the previous as-
signments, we have the same frequencies as Schaak and
Gouteron with additional lines at 564, 526, 329, and 193
¢m~!. The Raman spectra y(zz)y and v(zz)x exhibit 9
lines for the 4 A, and 4 E, expected lines. Lejus and
Michel (12) and Gouteron et l. (11) assigned only one A,
mode at 161 cm™! and 3 E, modes for the 564, 376, and
193 em~! lines. The assignment proposed by Schaak and
Koningstein is quite different with two A, modes for the
376 and 161 cm~' lines and two E, modes for the 329 and
318 cm ™! lines. We have assigned the 161 cm™! line to A,
mode and the 564 and 329 cm~! lines to E, modes in
agreement with these authors; for the other lines we have
made an assignment taking into account the two follow-
ing assumptions:

(i) generally A, modes are the most intense in a Ra-
man spectrum,

TABLE 1
Scattering Efficiency for a T, Crystal with Various Incident and
Observed Polarization Directions

90° Geometry

HH HY Vv VH
¥xyix ylxzix wezyx v{zy)rx
A a?
E, 4p?
F, & & &
180° Geometry
HH HV A" VH
yxxjy yxy w2y vz
Ay a at
E, 4p? 4p2
E, & &
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FIG. 5.

(ii) one can observe that the lines seem to be grouped
two by two in the (zz) spectra; in each group of two lines,
there is surely one A; mode and one E, mode.

Thus we have assigned the 591 cm™! frequency to the
A, mode (E, mode at 564 cm™!), the 376 cm™! line to the
A, mode as Schaak did (E, mode at 329 cm™"), and the
193 cm™! line to the E, mode as Gouteron did (A, line at
164 cm™!). For the two remaining lines at 431 and 469
c¢m~! which were only assigned to F, modes in previous
works, we have assigned the more intense ling, at 469
cm!, to the A, mode. The line at 129 cm™! in the (zz)
spectra was considered the residual F, line.

The proposed assignment of the Raman frequencies is
presented in Table 2 as are the previous assignments. It
can be observed that all the A, and E;, modes have the
same value of frequency as an F, mode, which explains
why the number of observed lines in the spectra of Fig. 3
and 4 is less than the expected one.

Figure 6 displays the IR reflectance spectrum of a sin-
tered platelet of Y;0;. We obtained the same features as
Nigara (8) with additional Reststrahlen bands at 438 cm™!
and at the low frequencies of 238, 179, 168 and 120 cm™'.

100 200 300 400

viem™)

500 600 700

Polarized Raman spectra of Y,0;. (The notation of Porto is used.)

The IR absorption spectrum, given in Fig. 7, is again
very close to that of Nigara’'s, but we did not clearly
observe a band at 515 ¢cm™!, and the band at 562 cm™!
seems to exhibit a shoulder at about 580 ¢cm™!. In the
calculations we have considered the TO values given by
Nigara (see Table 5). The proposed assignment of the IR
frequencies is presented in Table 3 as are the previous
assignments.

Normal Coordinate Analysis

The internal coordinate sets introduced in the NCA are
listed in Table 4. There are four sets of Y-O bond stretch-
ing: The d, set corresponds to the Y,,~O bonds, the 4,
to d4 sets correspond to the three types of Y0 bonds.
Seven sets of O-Y-0 angle bending (y) and four sets of
Y-0-Y angle bending () were also considered. On the
whole 384 internal coordinates were introduced.

In order to obtain a better fit between the observed and
calculated freguencies, it was necessary to add interac-
tion constants. Different stretching/stretching (4/d),
stretching/bending (d/a, d/y) and bending/bending (o/ex,
viy, yla) interactions were introduced and only those
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TABLE 2 TABLE 3
Assignment of the Raman Spectrum of Cubic Y,0; Assignment of the Infrared Spectra of Cubic Y0,
Schaak et ai. White et al. Gouteron ef af. Nigara (8} Our results
(1o) 9) (1 Qur results  Baun McDevitt White N
{6} (7} 9 R Ab R Adb
597 F, 603 R F, 591 F, + 4,
576 567 E, 564 F, + E, 570 580
526 F, 561 561 562 585 561 582 362
4713 F, 480 468 F, 469F, + A, SO0 515
434 F, 440 430 F, 49F, + E, 495 490 493 487
402 F, 19 F, 468 465 475 464 474 465
BLF, + A, 389 383 £, 36 F, + A, 445 4% 430
39 F, 405 408 430 418 426 418
333 E, 337 330 F, 39F, + E, 360 390 190 390 390 396 385
30F, + E, 323 318 F, 318 F, 333 343 346 340 342 339 338
194 E, 193 F, + E, 300 2 311 36 3 06 305
182 F, {19 F, 242 243 242 238 242
164 F, + A, 162 161 F, + A, 16l F, + A, i82 182 183 179 181
133 F, 130 F, 129 F, 171 17 172 168 171
116 F, 120 120 120 120
—— Note. R, Reststrahlen bands; Ab, absorption bands.
L B B Y B R —
8 1.00 s s 3% &
2" 8 8 '
&
= 0.80
o
0.60
TABLE 4
0.40 Definition and Calculated Force and Interaction
4 Constants for Cubic Y,0;
0.20 Definition d(A), & and y(°) fe
d, Y O 2.28 1.20
LR T — dy Y 10020 2.24 1.25
100 200 300 400 500 600 700 4 Y 13O 2.27 0.80
-1 d4 YsOm - 2.33 0.90
vest') - OnY,0x 99.67 0.42
FIG. 6. IR reflectance spectrum of a sintered sample of Y,0,. "2 QY103 79.50 0.42
7 Oy Y 1Oy 88.03 0.47
Vs Y 16O 100.20 0.47
% - YT T Ys 0, Y 1405 78.80 0.47
Y6 OIgY[aOm 791 ] 942
g 0-60 N - OuY D 79.40 0.42
A ."—'a 243 Y;Oong 9888
E 050 ¢ = o Y. 0uY s 100.66 0.20
a Y:OxnY o 101.13 ’
0.40 y Yg()mY]; 100.23
(] did, Oy Y 1/Y 05 0.16
0.30 - dyld; 020Y 16/Y v0n 0.15
dyldy OuY 1/ Y On 0.25
0.20 dJ/d, O3 Y 10/Y 1604 0.06
d/dy Y 00/0xY 3 0.26
3 d\fd Y02/ 0¥
0.10 ° e V@2 1020/02 Y 1o
g s ¥ 4 d\fd, Y102/ OnYs 0.20
0.00 o b PR e, 'LI_L VIS AR dyfd, Y.iOn/O0nY 1 0.10
100 200 300 400 500 600 700 /O s
di/d, Y 1,00/0n Y5 0.22

viom''}

FIG. 7. IR transmittance spectrom of Y,0;.

¢ Units: siretching and sireiching/stretching in N - cm™!, bending in
N - cm - rad—2,
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having significant values were Kept in the final refine-
ment; all of these correspond to stretching/stretching in-
teractions. They are listed in Table 4.

As already noted by Schaack and Koningstein {(10) and
Bloor and Dean (17), the vibrational spectra of Y,0; ex-
hibit two distinct frequency ranges; the frequencies
above 300 cm™! are practically identical for Y,0; and
isostructural rare earth cubic sesquioxides; thus, they are
due to oxygen motions and deformations of YQg octahe-
dra. The frequencies below 300 cm™! vary in a ratio cor-
responding to the square root ratio of the atomic masses
of Ln {Ln = rare earth) or Y atoms; thus, they are af-
fected by the motions of rare earth or yitrium atoms in
their octahedra.

On the basis of the internal coordinates, the highest
frequencies may be assigned to Y—O bond stretching; as
all oxygens exhibit the same coordination and as Y-O
bonds have close lengths, it is not possible to predict if
the vibration frequencies of the Y,0¢ or those of the
Y ()06 octahedra are the highest. As the YOg octahedra
are linked by corners and edges leading to quite a com-
pact structure, couplings surely occur. At lower frequen-
cies, the O-Y-O bending modes and then the Y-0O-Y
bending modes are expected, with, again, many cou-
plings.

In the first step of the calculations, identicat force con-
stants were fixed for the stretching of the four Y-O bonds
as well as for the bending of all the O-Y -0 angles and all
the Y-0O-Y angles. The examination of the potential en-
ergy distribution (PED) showed that the highest frequen-
cies were due to coupled stretching modes of the 4, and
d, bonds. These two sets of bonds therefore have a force
constant greater than the d; and d, constants for which
the stretching modes appear at lower frequencies, cou-
pled together or coupled with the &, and (or) d; stretching
modes. We then refined separately the stretching force
constants. All the O-Y-0 angles are different; thus, their
force constants have been also refined separately during
the fit processing. In contrast, only one bending force
constant was chosen for the four types of Y-0O-Y angles
which all have values close to 100°, and which do not
have a great contribution in the PED. Only stretching/
stretching interaction constants given in Table 4 have
been kept, for all the others had very small values.

Table 5 presents the PED and the comparison between
observed and calculated frequencies. The PED shows
that an important number of frequencies are due to
stretching modes; the O-Y-0O and Y-O-Y bending
modes are greatly coupled with the stretching modes.
Only the lowest frequencies (<130 cm~} are pure bend-
ing modes. The comparison between observed and calcu-
lated frequencies reveals that a satisfactory fit (average
error of about 3.5%) is obtained with 12 principal force
constants and 8 interaction constants, i.e., 20 adjustable
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TABLE 5
Comparison between Observed and Calculated Frequencies and
Potential Energy Distribution (PED} in Cubic Y,0;

Mode Obs. Cal. PED
Ag 591 5829  23%9d, + 44, — 9dyy
469 4834 31d, + 104 + 21dy + 174, + 26y — 9,
+ 8y
376 362.7 Td, + 36d; + 52d, — 19dy + 10w,
161 1526 154, + 18y; + 12y, + 12y + 19y + 16
By
Eg 564 576.8 lld] + S‘dz + 9d3 + Sdlz
429 453.6 155 + 47d, + 9y, + Oy, + Dy
329 346] 52d1 + 42d3 + |2d4 - 23d;3 - 7d14
193 171.6  20d, + 22d; + 1645 + 25v4 + 11
Fg 591 53757 22d, + 43d,
564 5463 20d, + 34dy + 12d + Tdy + 2y
526 330.5 314, + 374,
469 4633 194, - 38d, + 26y
429 4389 214, + 40d, + 23y
399 405.5 154, + 54dy — 134y, + 31y
376 379.7  32d, + 42d; + 16d, — 13dy;
329 3400  40d, + 43dy — 25d; + 26y
38 3i9.3  48d, + 44d, + 13d, — 26d;; — 15dy + 22y
193 209.7  189d, + 26d, + [0y + 26y + 100
179 189.9 144, + 234, + 17dy + Tdin + Wy + e
161 1487  23d, + 24d; + 9y, + 9y, + 12y: + 9y + Y
129 1174 124 + 12y + Ly, + 1lys + Ly + My, +
Hy + 172
116 111.2 10d; + 31y + 18ys + 10y; + 10y + 16a
Fu 575 590.0  21d, + 324y + Tdy»
555 550.1 28d; + 354, + 9d),
490 5142 17d + 8d, + V1dy + Tds
430 4276 9d, + 52d, + 26y
415 4048 l2dl + lod_] + 44d4 + Sd]d + 2]')/
372 368.9  48d; + 47dy — 20d;; + 13y
335 338.1 6ld, + 35d; — 30d;s + 25y
02 3307 46d, + 4d, + 12d, — 25d), — 8dys — 15dhs
+ 9’)’} + 11’)}4 + {9‘?
242 2378 184, + 304; *+ 10d; + 10d, — Bd;
183 198.6 134, + 21d, + 29d; + 11d; + 8djy — ildy +
24y
172 1738 9y + 9ys + Oy; + Oy, + 10ys + 16ys + %y
+ 2la
n.o. 166.9 94y + 18y, + 9y, + 12vy5 + 8ys + 13y, +
e
no. 15L7  11d, + 204, + 33d; + 22d, — 11d\; — 13dy,
+ Mys + 19y + la
120 1217 42y + llys + 95 + 12y + lla
no. 1070 1Sy, + Ay, + 19y + 12

Note. n.0., Nonobserved.

parameters for 27 observed frequencies. If only one value
of force constant is kept for the 7 O-Y-O angle bending
sets (average value of 0.44 N - ¢m - rad~?), there are thus
only 14 adjustable parameters and the average error be-
tween observed and calculated freguencies is 3.6%.
Moreover, this force field could be transferred in the fits
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of experimental spectra recorded at high pressures and
high temperatures (18); therefore it seems quite valid.

Calculations also give the eigenvector matrix and con-
sequently the normal modes of vibrations. From the nor-
mal modes, it was possible to justify our previous assign-
ments: for example, the 591 cm™' A, and F, modes and
the 564 cm ™' E, and F, modes exhibit very close normal
modes.

The stretching force constants of the four Y~O bonds
are quite different. The d, (Y(,—0) bonds exhibit a
stretching force constant of 1.20 N - cn ', The d;, o5,
and d4 bonds belonging to the Y0 octahedra exhibit
stretching force constants of 1.25, 0.80 and 0.90 N -
cm™!, respectively, with an average value of 0.98 N -
cm ' The Y,,—O bonds thus seem more rigid than the
Yc,—O ones, in agreement with the results of Jollet et al.
(19) who showed by XPS measurements that the Y ,-0O
bonds are slightly more covalent than the Y,-O bonds.

On average the principal force constants are 1.03 N -
cm™! for the Y-O stretching, 0.44 N : cm™! for the O-Y-
O bending, and 0.20 N - cm™! for the Y-O-Y bending. It
is interesting to compare these values with those calcu-
lated for a-Al();, which were, respectively, 1.14, .47,
and 0.24 N - cm™' (20). In o-AlLO; the coordination of
atoms is the same as in Y,Os,, but the linkage of the AlQg
octahedra is made by corners and edges as in Y;0; and
also by faces, giving a very high compactness to the
structure. It can be observed that

{i} the force fields are very close for the two com-
pounds; the Al-O and Y-O bonds have a degree of cova-
lence of the same order;

(i) however, all the force constants are higher in
Al O, than in Y2Gs, particularly the Y-O-Y bending con-

stants. It can be concluded that a-Al;O: exhibits a more
rigid structure than Y,0;.

CONCLUSION

In this work, we have measured precisely the vibra-
tional spectra of the cubic form of Y;0s, especially by
Raman polarized spectra and have proposed an assign-
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ment of the Raman and IR frequencies to the different
modes of vibration. Then, a NCA allowed us to deter-
mine a complete GVFF. A comparison of the GVFF of
Y»0; and o-AlLOs, in which the atoms exhibit the same
coordination, showed that the structure of «-Al,Qj; is the
more rigid.
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