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The orthoferrites of the trivalent ions Gd, Eu, Sm, Nd, Pr, La, and Y and the compounds YCrO 3 
and YA10 a are isostructural. They belong to space group D~h-Pbnm with four distorted perovskite 
units in the true crystallographic cell. X-ray and morphological data on these crystals are given 
and the relationships among them are discussed. 

Introduct ion 

Much X-ray work has been done on compounds with 
distorted perovskite structures, but, because it has for 
the most part  been done on powders, it has not been 
definitive in all cases. Recently, J. P. Remeika (1956) 
of these Laboratories has succeeded in preparing single 
crystals (of size suitable for X-ray and optical examina- 
tion) of a considerable number of compounds with 
general formula A B 0 3  which are perovskite-like. One 
of these compounds is gadolinium orthoferrite, GdFe08, 
the crystal structure of which has been worked out in 
some detail (Geller, 1956) from single crystal X-ray 
data. I t  was found that  the structure consists of four 
distorted perovskite pseudo-cells in an orthorhombic 
cell, the most probable space group being D ~ - P b n m . *  

The magnetic properties of the orthoferrite powders 
have been extensively investigated by Ndel and his 

* See, however, the reservation in the Geller (1956) reference. 

school (N6el, 1954; Pauthenet  & Blum, 1954; Guiot- 
Guillain, 1953). Gilleo (1956a, b) has studied the 
magnetic properties of a crystal of GdFe03, and the 
magnetic structure of LaFe03 has been studied with 
neutrons by Roth (1954). 

The work described herein deals with eight com- 
pounds isomorphous with GdFeO3: the orthoferrites 
of Pr, Nd, Sin, Eu, La and Y; YA103 and YCr03. 

Crysta l lographic  data on the perovsk i t e - l ike  
c o m p o u n d s  

The structure of GdFe03 was determined mainly from 
intensities obtained from Buerger precession camera 
photography of a ground plate crystal (see Geller, 
1956). Single-crystal photographs (both Weissenberg 
and precession) were taken of LaFe03 and YFe03 
crystals, using Mo K radiation. Powder photographs 
were taken of all the compounds with Cr K radiation. 
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Table 2. Crystallographic data on the perovs]cite-like compounds 
Vol. per X-ray 

Corn- unit density 
pound a (A) b (A) c (/k) cell ( /~a)  (g.cm.-a) 

GdFeO a 5.346 5.616 7.668 230.2 7-52 
:EuFeO a 5.371 5.611 7.686 231-6 7-34 
SmFeO a 5.394 5.592 7-711 232.6 7.26 
:NdFeO a 5.441 5.573 7.753 235-1 7.01 
PrFeO a 5.495 5.578 7.810 239.4 6.79 
LaFeO a 5.556 5.565 7-862 243.1 6.63 
YFeO a 5.302 5.589 7.622 225.9 5.67 
YCrO a 5.247 5.518 7.540 218.3 5.75 
YA10 a 5.179 5.329 7-370 203.4 5-35 

Pseudo-cell dimensions 

a (-- c) (/~) b (A) ~ (o) 

3.877 3.834 92.8 
3.884 3.843 92.5 
3.885 3-856 92.0 
3.895 3.877 91.4 
3.912 3.905 90.8 
3-932 3.931 90.2 
3-852 3-811 93.0 
3-807 3.770 92.9 
3.716 3.685 91.6 

The single-crystal  photographs  established the  iso- 
morphism of the  GdFe03,  LaFeO a and YFe03.  Using 
the  d a t a  obtained f rom the single-crystal photographs  
of the  GdFeOa, the  powder  photograph  of the  GdFeO a 
was indexed and subsequent ly  it  was found possible 
to index all the lines on the  powder photographs  of all 
the  compounds.  A comparison of intensities indicates 
also t h a t  the  compounds are isostructural ,  bu t  t h a t  
there are differences in atomic coordinates from those 
in GdFeOa. 

The powder diffraction da t a  for all the  compounds 
are shown in Table 1.* All of the photographs  have  the  
same sys temat ic  absences, namely :  reflections of the  
type  (hO1) with (h+l) odd, and  (Okl) with k odd. The 
probable  space groups are either D~-Pbnm or C~-Pbn. 
The s t ruc ture  of GdFeO 3 was solved on the  basis of 
Pbnm as the  most  probable space group, but  it  was 
pointed out t h a t  the  s t ruc ture  could not  have  a center 
of s y m m e t r y  in the  s tr ictest  sense because the  iron 
sublatt ices in GdFe03 are imperfect ly  ant i ferromag- 
netic. This is probably  also the case for all the  ortho- 
ferrites repor ted here. (See also Gilleo, 1956a; Guiot- 
Guillain, 1953.) 

The X - r a y  crystal lographic d a t a  on these com- 
pounds are listed in Table 2. 

Optical examination 

Optical examinat ion  of the crystals  of the  various 
compounds confirmed the  observat ion t h a t  the crystals  
are all or thorhombic.  The gadolinium and y t t r i um 
orthoferri tes are the  most  t r anspa ren t  of the ortho- 
ferrites, bu t  crystals  of these as thick as 0.1 mm.  are 
opaque.  By  t r ansmi t t ed  light, the  orthoferri tes are 
orange-brown;  YA1.O a is apparen t ly  colorless and 
YCrO a emerald green. By  reflected light, the  GdFeOa 
is ve ry  da rk  brown with  adaman t ine  luster;  E u F e O  a 
is very  da rk  brown, adaman t ine  to submetal l ic;  
NdFeOa is black, submetal l ic ;  PrFeOa and LaFeO a 
are black, submetall ic to metall ic;  YFeOa is dark  
brown, adaman t ine ;  YA10 a is vi treous and pale brown, 
and  YCrO a is vi treous and  emerald  green. 

The major  faces developed in these crystals  are the  
{110} and {001}. These faces are parallel  to the  faces 

* Only observed reflections are listed. 

of the  perovskite-l ike pseudo-cell (see Fig. 1). Three 
types  of twinning were observed:  (1) twin plane {112} 
of somewhat  complicated na ture  as shown in detail  

C ~ - -  " 

Fe 3 Gd 0 - 

Fig. 1. The unit cell of GdFeO a showing the perovskite-like 
monoclinic pseudo-cell. The large stippled circles represent 
oxygen ions in fourfold positions; the other large circles 
represent oxygen ions in eightfold positions. 

® 

rT° 
(a) 

and b 

v ~ (b) 
a and 

a X e S  
, ~ .  a or  b 

- i  

Fig. 2. Crystal of YA103, twinned on {112}. 

in Fig. 2; (2) twin  plane and composit ion plane 
{110}*; (3) P r F e O  a par t icu lar ly  showed twinning on 
{01 1} of the  t ype  which would be known as penetra-  
t ion spinel twinning if the  crystal  were cubic. (The 
{011} plane is the  {111} plane of the  pseudo-cell.) 

The best crystals  for optical examinat ion  were those 

* Twinning on the {110} plane was indicated also by the 
single-crystal photographs discussed earlier. 
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of YAIO 3, which were studied in most  detail  for twin- 
ning. In  most  cases of the first  type  of twinning in 
these crystals (112) is the  composition plane as well 
as the twin plane, but  not  always,  as shown in Fig. 2. 
I n  this type  of twinning in PrFeOa, the  composition 
plane shows a linear t race which is not  in all cases 
parallel or a t  45 ° to the  crystal  edge. Crystals of 
LaFe08,  which in this group of compounds shows least 
dis tort ion from the  ideal perovskite* (though the dis- 
tor t ion is nevertheless still substant ial ,  as will be shown 
later),  show quite irregular  twin boundaries.  

The indices of refract ion for YAIO 3, YCrO3 and 
GdFe03 are greater  t h a n  1.64. The indices for the less 
t rans lucent  crystals could not  be reliably checked bu t  
they  are most  p robably  also high. None of the crystals 
was found to be pleochroic. 

D i s c u s s i o n  

The GdFeO a s t ructure  pa ramete rs  are reproduced in 
Table 3 and diagrams of the  s t ructure  are given in 

Table 3. Coordinates of ions in GdFeO a 

Ion Position x y z 

Gd a+ 4(c) -- 0.018 0.060 ¼ 
Fe a+ 4(b) ½ 0 0 
O~- 4(c) 0.05 0.47 ¼ 
O~- 8(d) --0.29 0-27 s 0.05 

Figs. 1 and 3. In  Fig. 1, the  or thorhombic  unit  cell is 
shown and the monoclinic pseudo-cell is outlined. 
Fig. 3(a) is an orthogonal  projection of the s t ructure  
on to the (001) plane. Figs. 3(b) and (c) are orthogonal  
projections of quar te r -par t s  of the unit  cell on to the  
(001) plane. The two quar te r -par t s  chosen lie one above 
the other in the c direction, as indicated by the z 
coordinates of the  atoms. If  the s t ructure  were the 
so-called 'ideal perovskite  s t ructure ' ,  these two par ts  
would be cubes with gadolinium ions a t  the corners, 
oxygens a t  the face-centers and iron at  the  body- 
centered position. They  would project  on to a single 
square with iron a t  the  center. 

Comparing Fig. 3 with this ideal a r rangement ,  we 
see t h a t  each ' face-centered'  oxygen is most  closely 
bonded to two corner gadolinium ions. In  spite of the 
appreciable depar ture  of the  oxygens from the face- 

centered positions, two o~ the  oetahedral  Fe~+-0 ~- 
bond angles are close to 90 ° . Referr ing to the  let tered 
a toms in Fig. 3(a) and (c), these angles are approxi- 
mate ly  89 ° for O~--Fez+-O~ - ,  91 ° for O~--Fe3+-O~ - 
and 83 ° for O~--Fe3+-O~ - .  

The a r rangement  of the oxygen octahedra  in these 
compounds,  viewed along the b axis, is shown in Fig.  4. 

* 'Ideal perovskite' is taken here to be exemplified by cubic 
Barrio a rather than by the original perovskite, CaTiOa, which 
has not been found to exist in the phase with the ideal struc- 
ture. 

(a) 

b 

0"! 5 0": 
- 

- . . . .  i- 

C:: Fe 

(b) (~) 
Fig. 3. (a) Orthogonal projection of two unit cells of GdFeO a 

on to the (001) plane. 
(b) One-fourth part of the GdFeO 3 unit cell, rotated 45 ° 

with respect to (a) to show the 'distorted perovskite-liko 
pseudo-cell'; orthogonal projection on to (001). 

(c) One-fourth part of the GdFeO a unit cell from directly 
below part (a), similarly projected. 

Fig. 4. The distorted oxygen octahedra in GdFeOa, perspective 
view approximately along the b axis. The oxygens are 
located at the corners of the distorted, corner-linked octa- 
hedra. (The Gd and Fe ions are omitted from this diagram.) 

The iron and gadolinium ions have  been omit ted  to 
give an unobst ructed  view of the  distorted octahedra .  
Unlike the s t ruc ture  proposed by N£ray-Szab6,  all 
the  oc tahedra  are related to a single one through the  
s y m m e t r y  operations. In  a single 'level' of octahedra ,  
the  oc tahedra  are t i l ted toward  or away  from each 
other  in planes containing neighboring edges. Oeta-  
hedra  in neighboring levels have faces t i l ted toward  
or away  from each other. 
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I t  is probable that  the atomic positions gradually 
change from compound to compound toward those of 
the ideal perovskite structure as the relative ionic sizes 
become favorable. Because the intensity estimation of 
the lines on the powder photographs is rather in- 
accurate,* this gradual change is only apparent on 
close examination, but the difference between the 
LaFe03 and GdFe08 powder patterns is quite striking, 
as would be expected. The difference in the two is of 
course indicated much more vividly by the single- 
crystal photographs. For example, in GdFeOa, the 
distribution of intensities is about the same in odd- 
and even-numbered layers taken with the c axis as 
rotation axis, whereas the odd-numbered layers of 
LaFe03 are much weaker than the even-numbered 
ones. However, the approach to the ideal perovskite 
by LaFeO a is not as close as one might be tempted to 
guess on examination of Table 2, which shows the 
pseudo-cell of LaFe08 to have very nearly cubic 
dimensions. An examination of the single-crystal 
photographs as well as the powder photographs in- 
dicates that  the deviation from ideal is still substantial. 
Note, for example, (Table 1) the intensities of lines 
with odd 1. These should approach zero as the struc- 
ture approaches the ideal monomolecular unit. Some 
work by Gilleo (1956b) indicates the displace- 
ment of ions from ideal positions is substantial in 
La(Co0.2Mn0.s)O3, which is isostructural with the com- 
pounds discussed here, even though the pseudo-cell 
has a fl angle very near 90 °, as in LaFeO z. 

The results of work at higher temperatures give 
another indication of the magnitude of the deviation 
from ideal. A search was made for a transition in 
GdFeO 3 and LaFeOs, using a high-temperature X-ray 
powder diffraction camera with 114-6 ram. diameter 
designed and built by W. L. Bond of these Labora- 
tories. If the LaFeO z were really very close to the ideal 
structure, one might expect a relatively low transition 
temperature. However, no transition of LaFeO a was 
observed up to 845 ° C. The GdFeOa was taken to only 
700 ° C. and no transition was observed. In both cases, 
however, there seemed to be an 'almost isotropic' 
expansion; that  is, the expansion occurred in such a 
way that  no lines of the powder photographs coalesced 
or were permuted relative to their positions in the 
room-temperature photographs. The photographs in- 
dicated that  between 25 and 845 ° C. the LaFeOz 
lattice constants increased about 1%. 

Subsequently, P. D. Garn of these Laboratories ran 
differential thermal analyses (Garn & Flaschen, 1956) 
on samples of PrFeO3 and LaFeOa. He found no 
transitions in PrFeOa up to l l00 ° C. and one in 
LaFeO3 at 980 ° C. Further high-temperature X-ray 
work is contemplated and Garn is planning further 
differential analyses of other compounds in this group. 

* One  m u s t  cons ide r  also t h a t  t h e  a n o m a l o u s  s c a t t e r i n g  of 
Cr  r a d i a t i o n  b y  t h e  r a r e  e a r t h s  c ou l d  h a v e  c ons i de r ab l e  e f fec t s  
o n  t h e  in tens i t i e s .  

A powdered sample of LaFeOa was subjected to 
100,000 lb.in. -2 hydrostatic pressure at 275 ° C. for 
24 hr. by O. L. Anderson of these Laboratories. The 
sample was removed and as rapidly as possible exam- 
ined with the Norelco diffractometer. If a transforma- 
tion did occur, it did not give rise to a metastable 
phase, i.e., the normal orthorhombic phase was ob- 
served. 

The relationship among the lattice constants of the 
orthoferrites is shown in Table 2. The length of the 
b axis changes very little in the series of seven com- 
pounds. The difference between the b axis of the La 
compound and that  of Gd compound (the maximum 
difference) is 0.051 /~. The a and c axes, however, 
increase gradually from GdFeO a to LaFeO a, the ab- 
solute increments (in/~) being very nearly equal for 
the two axes for a given compound. With increase in 
the size of the A ion, both the a and c axes increase 
in length in such a way that  haft the diagonal of the 
(001) face (which is the direction of the a or c axis 
of the pseudo-cell--see Table 2) approaches half the 
length of the c axis (which is colinear with the b axis 
of the pseudo-cell). The ions apparently shift in such 
a way with these increases in lattice constants as to 
approach the ideal perovskite structure. 

In these perovskite-like compounds there are four 
formula units in the unit cell or one in the asymmetric 
unit. I t  then follows that  one may assign one quarter 
of the volume of the orthorhombic cell to one formula 
unit, and therefore derive the minimum average inter- 
ionic distances in the structure. 

The positions of the ions are such that  departure 
from the idealized structure by lengthening of inter- 
ionic distances is usually compensated by shortening 
of others. For example, the departure of the x and y 
parameters from the ideal values produces little change 
in the average length of the A-O~ bonds. 

In GdFe03, if one takes the cube root of the volume 
of the pseudo-cell as the cell edge of the cube of a 
theoretical ideal perovskite GdFe03, the Gd3+-O e- 
and Fea+-O 2- distances in the idealized structure 
would be very nearly equal to the average distances 
(counting the very long ones--see Geller, 1956) in the 
true crystal. If this method of estimation of average 
distances is used for all the crystals discussed herein, 

Table 4. Theoretical cell sizes and interionic distances 
of idealized perovskite ABOa crystals 

D i s t a n c e s  (/I~) 
^ 

C o m p o u n d  a 0 (/~) A a + - O  2- B a + - O  9-- 

G d F e O  a 3.860 2.729 1.930 
E u F e O  a 3.869 2.736 1.935 
S m F e O  a 3.874 2.739 1.937 
N d F e O  a 3.889 2.750 1.945 
P r F e O  a 3.909 2.763 1.954 
L a F e O  a 3.932 2-780 1.966 
Y F e O  a 3-837 2.713 1.919 
Y C r O  a 3.793 2.682 1.897 
YA10  a 3*705 2-620 1.853 
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one sees from the results in Table 4 that  in the ortho- 
ferrites there is a maximum difference in the Fe~+-O 2- 
distance of 0.05 J~. We see that  in the orthoferrites, 
the variation of the Fes+-O ~- distance in the theoretical 
structures is appreciable and one must therefore con- 
clude that  although the coordination is the same in all 
the compounds, the radii of the two ions are no t - -  
or perhaps another way of putting it is that  other 
factors than the sterie one must be considered. A 
similar argument may be made concerning the 
Y8+-O~- distances in the yttrium compounds for 
which there is a maximum difference of 0.09 A. In 
attempting to attain the ideal perovskite structure, 
one must therefore consider the ion-ion interactions 
aside from or in addition to the steric factor, which is 
the only one implied in the Goldschmidt tolerance 
factor. However, it is known that  in a given A B O  3 
series (i.e., either A or B constant), use of a self- 
consistent set of radii in the tolerance factor does 
enable one to predict approach to the ideal structure. 

Three of the compounds discussed here have been 
investigated earlier by other authors. These are LaFeO 3 
(N£ray-SzabS, 1947; Goldschmidt, 1926; Roth, 1954; 
Yakel, 1955), YA103 (N£ray-SzabS, I947; Gold- 
schmidt, 1926) and YCrOs (Katz, 1955; Looby & 
Katz, 1954). N£ray-Szab5 reported that  LaFeO3 is 
cubic with cell edge 3.89, probably kX. This is 0.03/~ 
shorter than half the c axis (or half the (001) pinacoid 
diagonal) of the LaFeOs reported here (Table 2). 
Roth and Yakel both call the compound cubic with 
cell edges 7.86 and 7.85 /~, respectively. These are 
very close to the c-axis (approximately equal to the 
(001) pinaeoid diagonal) length reported here. The 
powder photograph of LaFe03 can very nearly be 
indexed on such a cell, but, as stated earlier, single- 
crystal data and optical examination establish the 
isomorphism of LaFe03 with GdFeO3. 

N~ray-Szab5 reported that  YAI03 is monoclinie 
with a = b = c = 7-34, probably kX., and ~ ~ 90 °. 
In this case, it is quite probable that  N£ray-Szab5 
chose the B-centered monoc]Jnic cell. If this is so, 
the actual lattice constants of this monoclinic cell 
should be a = c = 7.432, b -- 7.370 A and ~ = 91.6 °. 

The compound YCr03 was first reported by Looby 
& Katz (1954). These authors indexed their powder 
pattern on a monoclinie cell with a = c- -7 .61 ,  b = 
7.54 A. An examination of the diffraction data in- 
dicated that  lines were present for which (h+l) is odd. 
This would rule out the possibility of end.centering. 
However, it turned out that  all such reflections could 
be accounted for by Cr203 impurity. When these lines 
were omitted, as well as the two first very very weak 
lines which could not be accounted for by either 
¥9Oa or Cr~O3, and the proper transformation was 

applied, an orthorhombic cell with Pbnm space-group 
absences was obtained. The cell edges of this cell are 
a = 5-238, b = 5.518, c = 7.54 /~. Remeika (1956) 
prepared pure YCr03, the powder photograph of 
which did not show the Cr203 or other impurity lines 

-appearing in Katz's film. The diffraction data for 
YCrO~ are listed in Table 1 and the lattice constants 
in Table 2. The b and c axes of our YCrO 8 check Katz's 
exactly (as does the pseudo-cell angle); the a axes 
differ by about 0.01 A. 

Further work is contemplated on related com- 
pounds. Crystals of several additional aluminates, 
orthoehromites, scandates, galliates and cobaltiates 
have already been prepared by J. P. Remeika and the 
X-ray investigation of these compounds is currently 
under way. 
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