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Structures and Raman spectra of lanthanide sesquioxide single crystals with A-type trigonal structure 
(La,O,, Pr,O,, Ndz03, Sm&) andB-type monoclinic structure (Sm,O,, EuZOS, Gd203) are compared. 
The B form (Cfh or C2/m, Z = 6) derives from the A form (D& or Pj ml, Z = 1) by a slight lattice 
deformation, implying a splitting off& and Cl” atomic positions into less symmetrical Czh and C, sites. 
This close structural relationship allows one to relate the Raman active modes of the B-type crystals to 
vibrations of the A-type crystals and to deduce an interpretation of the complex B-type spectra from 
those of the simpler A-type spectra, Furthermore, it is shown that the frequency of the modes which 
mainly involve metal-oxygen stretching motion increases with the lanthanide atomic number in the A 
and B series. This evolution is interpreted in terms of increasing compactness of the structure. 

introduction 

Raman spectra of the A-type lanthanide 
sesquioxides LnBOs were first studied by 
Denning and Ross (1972) (I) on microcrys- 
talline powder samples and by Boldish et 
al. (1976) (2) on Ndz03 single crystals. 
Then, our results (3) on La203, Pr203, and 
Ndz03 single crystals provided a complete 
assignment of polarized spectra which was 
appreciably different from the interpreta- 
tion given in the above-mentioned works. 
In a recent paper, Boldish and White (4) 
reported single-crystal infrared reflectance 
measurements for Nd203 and polarized Ra- 
man spectra for both L&O, and Ndz03. 
Their Raman data and assignment are in 
agreement with our previous results. 

No Raman data were available concern- 
ing the second (B-type) modification of 
Lnz03 oxides. Samarium, europium, and 

gadolinium oxides are obtained with such a 
monoclinic structure. This structure is a 
distorted arrangement of the A modification 
which results from a displacive first-order 
transition occurring in these oxides at high 
temperature (at 1900, 2050, and 2100°C for 
Sm,03, EuZ03, and Gdz03, respectively 
(5)). Raman polarized spectra were first 
studied on Gd203 and a complete assign- 
ment was proposed (6). The present results 
concern two other compounds withB struc- 
ture: Sm,O, and Eu203. 

Because of the close relationships be- 
tween A and B types, it was possible to 
correlate the Raman data obtained for these 
two modifications and to deduce an inter- 
pretation of the complex spectra of B-type 
phases from that of the more symmetric A- 
type crystals. For samarium oxide, crystals 
with either the B-type (pure Smz03) or the 
A-type structure (Smz03 stabilized by a 
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small addition of zirconia) were studied and 
allowed the comparison of A- and B-type 
spectra for the same compound. Further- 
more, our purpose was also to verify 
whether the observed evolution of the 
stretching Raman frequencies along the A- 
type series (La,O,, Pr203, Ndz03, and 
Sm,O, A-trigonal forms) could be extended 
to the B-type series (Sm,OB, Eu203, and 
Gd,O, B-monoclinic forms). 

Experimental 

B-Type single crystals of Sm,O,, Eu,O,, 
and Gd,O, were grown by the flame fusion 
method (Verneuil process) from high-purity 
fine powders (5-10 pm> of the respective 
oxides (grade 99.9 for Sm,O, and Gdz03, 
99.99 for EuZ03) (7). The powder is discon- 
tinuously injected through the flame of an 
improved oxhydric torch allowing the ox- 
ides to melt (melting temperature 2345°C 
for Sm,O,, 2360°C for Eu,O,, 2440°C for 
Gd203). Such-grown crystals are cylindrical 
Verneuil boules which can reach a length of 
30 mm and a diameter of 8- 10 mm. They are 
transparent and orange colored for Sm,O,, 
pale pink colored for Eu,O,, and colorless 
for Gd,O, (8). They can be easily cleaved 
along (201) planes. (The (2Oi) planes in 
the monoclinic B structure correspond to 
the basal (0001) planes in the trigonal A 
structure). 

Crystals of A-type Sm,O, were prepared 
by slow cooling from the melt. Melting was 
achieved by direct induction of RF currents 
(9). The stabilization at room temperature 
of the metastableA form was made possible 
by a small addition (about 5 mole%) of 
zirconium dioxide. 

Raman spectra were obtained from a 
Jobin-Yvon Ramanor HG 2s spectrometer 
with a Spectra Physics ionized argon laser 
(4 W). Spectra were recorded using various 
exciting lines to ensure that bands were not 
due to fluorescence. The slit width was kept 
to about 2 cm-‘. 

Structural Relationships between A and B 
Modifications of Lanthanide Sesquioxides 

The trigonal A-type structure was first 
determined by Pauling (10) and has given 
rise to much controversy (I I-14). Recent 
neutron diffraction measurements on La,O, 
and Nd203 confirmed the space group 
P3m l(D&) 2 = 1, and accurate values for 
the atomic positions were determined 
(15, 16). 

The two lanthanide atoms of the unit cell 
are located in 2d Wyckoff positions of 
3m(C,J symmetry (Fig. 1). 

Oxygen atoms are distributed over two 
different sites 
-1 O(1) in la (3 m or Dsd symmetry); 
-2 O(I1) in 2d (3m or CBv symmetry). 
The O(I) atom is octahedrally surrounded 
by six lanthanide atoms. The corresponding 
metal-oxygen bond lengths are fairly 

FIG. 1. Projection on the (010) plane of the mono- 
clinic B-Sm,O, structure and projection on the cor- 
responding (I 120) plane of the trigonal A-Sm,03 
structure. 
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“long” (2.73 A for L&OS and 266 A for 
Nd203). The O(I1) atoms are surrounded by 
lanthanide atoms at the corners of a slightly 
distorted tetrahedron. Two different Ln- 
O(II) bond lengths result from the symme- 
try deviation Td + Cav: one “short” length 
corresponding to three bonds (2.36 8, for 
La203, 2.30 8, for Nd203) and one “inter- 
mediate” length corresponding to the Ln- 
O(I1) bond directed along the ternary axis 
(2.46 8, for La203, 2.40 A for Nd,O,). 

This structure may also be described as 
consisting of alternate slabs (perpendicular 
to the c axis) of MO or MOz composition 
(M = metal). Between two metal planes, one 
oxygen plane is present in the MO slab 
(oxygen atoms are located in octahedral sites 
as anions in NaCl structures) and there are 
two oxygen planes in the MO, slab (oxygen 
atoms are in tetrahedral sites as anions in 
CaF, structures). The “ideal” structure re- 
sulting from a regular intergrowth along the 
[ Ill] axis of NaCl and CaF, slabs is reported 
in Fig. 2 facing the actual structure of a 
A-type compound namely Ndz 0,. 

It is interesting to notice that the experi- 
mental c/a value for A-type oxides in- 
creases from 1.557 for LazO, to 1.572 for 
Sm,O, and tends towards the ideal value 
1.6330 (2 (6P2/3) corresponding to a hexag- 
onal close packing of cations (oxygen 
atoms O(I1) in regular tetrahedral sites and 
oxygen atoms O(I) in regular octahedral 
sites). 

In the B-type monoclinic structure, with 
space group C 2/m(C$,) the side-centered 
cell contains 6 Ln20, formula units (Fig. 1). 
Atomic positions were determined from X- 
ray measurements for samarium (17) and 
europium (18) oxides. 

The 18 oxygen atoms of the unit cell 
occupy five different crystallographic sites: 
-four in 4i (m or C, symmetry) = O(l), 
O(2), O(3), O(4); 
-one in 2b (2/m or C,, symmetry) = O(5). 
Lanthanide atoms are located in three dif- 
ferent 4i positions. 

FIG. 2. Comparison between the trigonal A-Nd203 
structure and an ideal structure with an hexagonal 
close-packed cationic sublattice and anions in regular 
sites. Projection on a {llZ?O} plane. Distances are 
expressed in fraction of a, the separation between two 
cations. 

As shown in Fig. 1, the monoclinic cell 
may be considered as consisting of six 
distorted trigonal units (or three units for 
the primitive cell). Within a slight lattice 
deformation (a shortening of atomic separa- 
tions along the [0 IO] monoclinic axis) the B- 
monoclinic cell is related to the A-hexago- 
nal cell as follows: 

a, = Uh - bh + 2c,; 

b, = -a,, - b,; 
c, = Uh - b,, - c,, 

(a,, b,, c, are the monoclinic parameters; 
ah, b,,, ch the hexagonal parameters). 

The correspondence between atomic po- 
sitions in the two structures is given in 
Table I. Instead of an unique tetrahedral 
environment for O(I1) oxygen atoms in the 
trigonal phase, three different tetrahedra 
more or less distorted are present in the 
monoclinic phase around O(2), O(3), and 
O(4) atoms. The site symmetry is lowered 
from C,, to C,. The O(1) atom positions are 
split into two different groups: 4 0( 1) in C, 
and 2 O(5) in C2h symmetries. 

Table II lists metal-oxygen distances 
around each type of oxygen atoms for 
monoclinic B-Sm20s, in regard with the 
corresponding bond lengths in the trigonal 
A-Sm203 phase (19). From these data, it 
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TABLE I 

CORRESPONDENCE BETWEEN ATOMIC POSITIONS IN 
THE Two STRUCTURES 

Trigonal structure Monoclinic structure 

6 x 1 O(I) la(3m, Q,j) 2 O(5) 2b (2/m, C,J 
4 O(l) 4i (m, CJ 

6 x 2 O(B) 2d(3m, C,,) 4 O(2) 4i Cm, CJ 
4 O(3) 4i (m, CJ 
4 O(4) 4i cm, a 

6x 2Ln 2d(3m, C,,) 4 Ln( 1) 4i h, CA 
4 Ln(2) 4i (m, CA 
4 Ln(3) 4i Cm, CA 

comes out that in the monoclinic phase the 
environment of O(2), O(4) and O(5) atoms 
is very similar to that of O(I1) and O(1) 
atoms of the trigonal phase, respectively. 
The main differences between the two struc- 
tures are observed around O(1) and O(3) 
atoms: 

-in the monoclinic phase 0( 1) atoms are 
only five-coordinated (lanthanide atoms at 
the corners of a square pyramid), whereas in 
the A-type structure the O(I) atoms have a 
sixfold environment. 

-the O(3) atoms remain tetrahedrally 

coordinated andlinked to 2Ln( I) and I Ln(2) 
atoms but the fourth neighbor is aLn( 1) atom 
(in a next pseudotrigonal cell) instead of the 
Ln(3) atom of the same pseudotrigonal cell 
(Fig. 1). 

As in the case of A-type structure, the 
evolution of the unit cell parameters shows 
a progressive tendency towards a more 
close-packed structure from Smz03 to 
Gdz03. Because of the correspondence be- 
tweenA- and&type lattices it is possible to 
calculate a pseudo ~,,/a,, ratio for monoclinic 
oxides (the length [ lOi], represents 3ch and 
the volume of the monoclinic cell corre- 
sponds to 6aEc,,3”*/2. The values of cJu,, 
calculated from the unit cell parameters of 
our crystals are reported in Table III. 

Correlation between Vibrational Spectra of 
Ln203 A- and B-Type Oxides 

For trigonal oxides, four vibrational 
modes are active in Raman scattering (2A, 
+ 2&J and correspond to two stretching 
vibrations (A, + E,) and two bending 
modes (A, + E,) of the Ln-O(I1) bonds (3). 

TABLE II 
METAL-OXYGEN DISTANCES (A) IN B-TYPE AND A-TYPE SmzOa, AND MODE SYMMETRY 

ASSOCIATED TO EACH Sm-0 STRETCHING VIBRATION 

Monoclinic structure Trigonal structure 

I O(WSm(2) = 2,289A, 
O(Wm(2),Sm(3) 1 O(2)-Sm(3) = 2,259A, 

2 O(2)-Sm(2) = 2,319B, I 

1 O(3)-Sm(1) = 2,7034, 
0(3)Sm( l)Sm(Z)Sm( l)2 1 O(3)-Sm(2) = 2,3754, 

2 O(3)-Sm( 1) = 2,288B, I 

1 O(4)-Sm(1) = 2,2504, 
O(Wm(lhSm(3h 1 O(4)-Sm(1) = 2,48lA, 

2 O(4)-Sm(3) = 2,279B, I 

1 0(l)-Sm(3) = 2,306 
O( Wm( lMm(2Mm(3) 2 O( 1)-Sm( 1) = 2,555 

2 O(l)-Sm(2) = 2,487 1 

WMWXSm(3), 2 O(5)-Sm(2) = 2,754 
4 O(5)-Sm(3) = 2,565 

A, 1 O(II)-Sm = 2.41 

E,3 O(II)-Sm = 2.25 wwm, 

A,1 O(H)-Sm = 2.41 

E,3 O(B)-Sm = 2.25 omsm, 

A,1 O(H)-Sm = 2.41 

E,3 O(B)-Sm = 2.25 0wmn.l 

6 O(I)-Sm = 2.64 O(I)Sm, 

6 O(I)-Sm = 2.64 o(Wh 
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TABLE III 

STRUCTURAL AND SPECTROSCOPIC DATA FOR LnpO, CRYSTALS~ 

A 

Oxides 

ho3 

fi203 

Nd@s 

SmdA 

3.936 

3.860 

3.831 

3.778 

A c/a 

6.128 1.557 

6.018 1.559 

6.000 1.566 

5.940 1.572 

v b-0(11) 
(cm-l) 

400-408 

406-413 

428-436 

444-455 

Average Bond Average 
Ln-O(II) strength, 0(11)-O 

distance (A) “S” distance (A) 

2.39 0.57 3.02 

2.33 0.58 2.95 

2.30 0.59 2.92 

Average Average 
h-O(n) Bond O(n)-0 

b 
21 P 

Pseudo 
(‘Q 

v LAO(n) distance strength, distance 
chlah n = 2,3,4(cm-I) (‘Q &‘s” (A\) 

B SmKh 14.18 3.624 8.855 loo”0 1.582 375-572 O(2) 2.30 0.59 2.98 

O(3) 2.41 0.42 3.05 

O(4) 2.32 0.55 3.01 

EW, 14.12 3.597 8.819 loo”1 1.582 376579 O(2) 2.28 0.60 2.96 

O(3) 2.39 0.43 3.06 

O(4) 2.30 0.55 3.00 

Gd@s 14.08 3.567 8.743 1OO”l 1.588 385-593 

a Unit cell parameters (A); extreme values OfRamanfrequencies (cm-‘) involvingLn-O(II) orln-O(n) stretching 
n = 2,3,4; mean atomic distances from (1.5) (17-19) around oxygen atoms in tetrahedral coordination; strength 
‘3” of Ln-O(II) and h-O(n) bonds (20). 

The distorted environment of the O(I1) 
atoms (in C,,) accounts for the splitting (Als 
+ E,) of the Tz modes associated with 
regular tetrahedral units. A, modes are 
related to vibrations along the ternary 
axis, while E, modes correspond to vibra- 
tions along the direction of the short Ln- 
O(I1) bonds. 

The factor group analysis for B-type 
crystals predicts 21 Raman active modes: 
14A, + 7B,. 

The correlation tables between Dad and 
C,, point groups give: 

Because of the previously exposed relation- 
ships between A and B structures, three A, 
modes of the monoclinic phase would be 
derived from each A W mode of the trigonal 
phase. In the same way, 3A, + 3B, modes 
are generated from each Eg mode. For the 
monoclinic phase, the AB stretching modes 
correspond to atomic vibrations in the (0 1 
0) plane and B, stretching modes to out-of- 
plane vibrations. Thus the mode symmetry 
associated with the stretching vibrations of 
Ln-0 bonds can be defined and is reported 
in Table II. 

In addition to these modes which come 
from the splitting of Raman active vibra- 
tions of trigonal A-type compounds, three 
other modes @A, + B,) are expected fi-om 
group theory analysis. In the trigonal struc- 
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ture, the O(I) atoms do not participate in 
Raman active but only in infrared active 
vibrations, because they are located in cen- 
trosymmetrical positions. But this kind of 
oxygen atoms gives rise in the monoclinic 
form to O(5) atoms (also in centrosymmet- 
rical positions) and to 0( 1) atoms in C, sites. 
Consequently, the Raman active modes in- 
volving these 0( 1) atoms are expected for B- 
type compounds. They are derived from A,, 
and E, infrared active modes of A-type 
compounds according to the following cor- 
relation: 

OSd crystal c, site CZh cryslol 

A2u /l----f 1; x ;; 
E” 

au 
Summarizing, the 21 Raman active 

modes of B-type structure are derived from 
vibrational modes of A-type crystals ac- 
cording to: 

2A, ---, 2 x 3A,, 

2E, + 2 x (3A, + 3&J, 

l&u + 14,, 

lE, + IA, + l& 

Results and Discussion 

A-Type Structure 

The spectrum of Sm,O, with trigonal 
structure shown in Fig. 3 is very similar to 
that of other A-type compounds L&OS, 
Pr203, and Ndz03 (3). It is worth noticing 
the separation of A, and Eg bands at about 
450 cm-l. In the other Ln,Os oxides, the A, 
line (weak and close to the EB line) was only 
evidenced by polarization studies. 

Our previous conclusions concerning the 
Raman spectra of A-L&O3 crystals are 
confirmed by the study of this new com- 
pound: 

.Z 
s 
Z - 

c 

I I I J 

300 100 
wavenumber [cm-‘; 

FIG. 3. Raman spectrum of unoriented A-Sm,O, 
single crystal, A, = 514.5 nm, and simplified descrip- 
tion of the modes. 

the two Raman lines A, and Eg are nearly 
constant for the four lanthanide com- 
pounds: -105 and -190 cm-‘, 

-the frequencies of the stretching vibra- 
tions A, and E, increase in the lanthanide 
series from La to Sm. The correlation ob- 
served between the band frequency and the 
c/a ratio of unit cell parameters is still 
obeyed for A-Sm20, as shown in Fig. 4. 
For these high-frequency modes, such a 
frequency evolution may be interpreted 

FIG. 4. Correlation between the stretching mode 
frequencies and the c/a and pseudo c/a ratio for 
lanthanide oxides with A-type (x) and B-type (0) 

-at low frequency, the wavenumbers of structures, respectively. 
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from the variation of the a and c parameters 
and of characteristic interatomic distances. 

The environment of the O(I1) atoms, 
defined by the structural data for La,O,, 
Nd,03, and Sm,03 ( 15, 19), is character- 
ized by the fact that the strength “s” of 
metal-oxygen bonds, calculated from bond 
length-bond strength empirical relations 
(213, has similar values for the different A- 
type sesquioxides, and that the 0(11)-O 
distances decrease appreciably from LazO, 
to Sm,O, . Average values of M-0(11) bond 
lengths, “s” bond strengths, and 0(11)-O 
distances are listed in Table III. 

Such an environment, restricted to the 
first and second neighbors (four cations at 

the corners of a tetrahedron and six anions 
at the corners of an octahedron respec- 
tively), is similar to the anion environment 
in fluorite structures with a distortion 0, -+ 
G” * The frequency of the vibrational 
modes T,, and Tw of fluorite crystals was 
expressed by Shimanouchi (21). The Ta 
Raman active mode frequency depends on 
two terms: a stretching constant of metal- 
anion bond and an anion-anion repulsion 
force constant. Consequently, in the case 
of A-type LnzOs crystals, the contribution 
of oxygen-oxygen repulsion appears to be 
sufficient to explain the increasing 
wavenumbers from La,O, to Sm203 for 
modes involving O(II) atoms. 

TABLE IV 

RAMAN FREQUENCIES” AND ASSIGNMENT FOR TRIGONAL A-TYPE AND MONOCLINIC B-TYPE LANTHANIDE 
OXIDES 

ho3 

Trigonal series 

NWS SmdA Symmetry Symmetry 

Monoclinic series 

SmdA Eu,4 Gd,4 

106 104 106 105 ECI 

191 187 191 

228’ 

188 

& 73 73 71 
A* 82 84 83 
B&J 97 98 98 
4 109 110 110 

B* 115sh” 116sh 116 
4 123 

47 152 152 156 
AlO A, 175 176 175 

A* 219 218 217 

4 245 246 256 
Am + Et, A* 256 259 268 

B&J 284 285 298 

-400 -406 428 444 AlO 
408 413 436 455 EL7 

375sh 374sh 
378 377 
398 394 
412 413 
420 424 
461 465 

-557sh -575sh 
572 579 

385 
387 
417 
430 
445 
484 
583 
593 

n in cm-l 2 I cm-‘. 
b sh = shoulder. 
c Infrared data (4). 
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660 500 400 300 200 100 0 
__ rltlnumblr (cm-‘] 

FIG. 5. Raman spectra of unoriented B-type single 
crystals, X, = 514.5 nm. 

B-Type Structure 

Spectra of monoclinic Sm,O, , Eu203, and 
Gd,Oa are reported in Fig. 5. Polarization 
studies performed on Gd203 crystals at low 
temperature, allowed the characterization of 
the A, and B, bands without any ambiguity 
(6). The close similarity of spectra for the 
three oxides leads to the assignment reported 
in Table IV. 

B-Type spectra may be divided into four 
regions: 

-between 70 and 125 cm-‘, a group of 3B, 
and at least 2A, bands (three for Gd,O,) is 
observed. In this frequency range 3B, and 
3A, lines corresponding to lE, line located at 
- 105 cm-’ inA-type spectra were expected. 

-between lSOand220cm-‘, 3A,bandsare 
obtained corresponding to the A, line at 
- 190 cm-l in A-type spectra. 

-between 240 and 300 cm-’ an isolated 
group of three lines (2A, + lB,) is observed to 
which no Raman line corresponds in A -type 
spectra. These bands are assigned to the (2A, 
+ B,) modes deriving from (A,, + E,) 
infrared active modes and involvingEn -0( 1) 
bonds. Boldish and White (4) located at 228 

cm-’ theA,, + E, unsplit band in the infrared 
spectrum of Nd203 crystal. 

-between 370and 600 cm-‘, the last group 
of Raman lines would correspond to the 
splitting of theA, + E, stretching vibrations 
the frequencies of which are very close in the 
trigonal phase, Three B, and at least five A, 
lines are obtained, in good agreement with 
the 6A, + 3B, prediction. 

The nine bands of the first two mentioned 
groups show a nearly constant frequency for 
the three oxides just as the two bands of A- 
type spectra from which they derive. 

The modes involvingEn-O( 1) bonds show 
a regular frequency shift (Fig. 4). Their 
frequencies are higher than those of the 
corresponding modes (infrared active) of the 
A-type compounds: 245 to 298 cm-’ as 
compared to 22&m-‘. This can be accounted 
for by the fivefold coordination of the O( 1) 
atom which supposes stronger metal-oxy- 
gen bonds. Effectively for Sm, 4, Sm-O( 1) 
bondlengthsare2.555,2.487,and2.306Afor 
the monoclinic form and 2.64 A for the 
corresponding Sm-O(1) bond length in the 
trigonal modification. 

Finally, the eight bands of higher fre- 
quency show a regular frequency shift from 
Sm,O, to Gdz03 as previously observed for 
the two related bands in A-type spectra. 
The interpretation proposed for A-type 
Lnz03 compounds may be extended to the 
related B-type phases considering the evo- 
lution of the structural parameters reported 
in Table III. Figure 4 illustrates the splitting 
of the A, and E, bands of the hexagonal 
form into A, and B, bands of the monoclinic 
form. 

The complete description of all these 
vibrations would require normal coordinate 
analysis. This work is now in progress; 
however, some conclusions can already be 
drawn from the frequency values. For in- 
stance, the out-of-plane Sm-0 bonds asso- 
ciated to B, stretching modes are all longer 
in the E-type phase than in the A-type 
phase (2.319, 2.288, and 2.279 8, as com- 
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pared to 2.25 A). Thus frequencies lower Hautes Temp. Refract. 11, 215 (1974). A. M. 
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effectively B,, bands appear at 375,398, and 
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412 cm-;. dn the contrary, the shortest 
Sm-0 distances are found in the B-form 
and are associated with in-plane A, vibra- 9. 
tions; that is consistent with the A, symme- 
try determined for the two Raman lines 

,. 
. 

of highest wavenumbers in the B-Sm,O, 
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12. 

spectrum. 
13. 

oxides, in “Current Topics in Materials Science” 
(E. Kaldis, Ed.), Vol. IV, p. 481, North-Holland, 
Amsterdam (1980). 
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