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The series of compounds RTiOs, R = Gd, Tb, Dy, Ho, Er, and Tm, were obtained as single-phase 
materials via solid state reaction between TiaOs and Rz03 at ca. 1500°C in welded molybdenum crucibles 
under argon; YbTiOs and LuTiOs could not be obtained as single-phase materials using this procedure. 
Lattice constants for all compounds were determined from powder X-ray data and are compared with 
previous results. All of these materials order magnetically between 30 and 70 K. From the appearance of 
the x;t vs T curve the type of order can be identified as ferrimagnetic. High-temperature susceptibility 
data have been fit to a two-sublattice molecular field model and the intra- and intersublattice interaction 
constants have been extracted. It is found that the Ti-Ti interaction is ferromagnetic and relatively 
constant from R = Gd to R = Lu. Low-temperature magnetization field data suggest the existence of 
complex magnetic structures, large magnetocrystalline anisotropy, or both. The magnetic properties of 
the RTiOs series are compared to those of the chemically similar and better-known RM03 phases where 
M = Al, V, Cr, Mn, and Fe. The observed differences are shown to follow from the sign of the M-M 
interaction, which is ferromagnetic for M = Ti and antiferromagnetic for M = V, Cr, Mn, and Fe, together 
with the implications of the crystal symmetry for the R-M interaction. 

Introduction 

Materials of the composition RM03 
where R is a rare earth and M a trivalent ion 
such as Al, Ga, V, Cr, Mn, or Fe have been 
known for more than 20 years. Extensive 
reviews of their structure and magnetic pro- 
perties exist (1-3). All of the RM03 phases 
crystallize in some form of the perovskite 
structure, usually the orthorhombic 
modification, the so-called GdFe03 struc- 
ture type, space group Pbnm (No. 62). 
The Magnetic properties of the RM03 
compounds generally fall into two classes. 
When M is nonmagnetic, paramagnetic 
behavior is observed to 4.2 K, long-range 
order due to the R3+ species being found, if 
at all, only at lower temperatures. When M is 

a transition metal ion, long-range order is 
observed with critical temperatures of the 
order 10’ K due to antiferromagnetic (AF) 
order, usually type G, on the it4 sublattice. 
Often, weak ferromagnetism due to sublat- 
tice canting is evident. For most of these 
compounds the R and M magnetic sublat- 
tices can be treated as nearly independent 
(3), the R sublattice coupling weakly, if at 
all, to the Msublattice near 4.2 K where the 
R sublattice orders independently of i&i. As 
pointed out by Gilleo (4) the near absence of 
the R-M interaction is a symmetry effect. In 
the GdFeO, structure one can identify a 
pseudocubic subcell (slight monoclinic dis- 
tortion) in which R is at the body centre of a 
simple cubic M lattice. If the M sublattice 
has AF ordering the R ion will see two sets of 
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four M neighbors with antiparallel spin 
configurations and the net R-M interaction 
will be negligible. 

Except for an early report that GdTiOs 
was ferromagnetic (5), compounds from the 
series RTi03 had not been studied until 
recently (6-10). The scant evidence avail- 
able suggested that the magnetic properties 
of this group might be rather different from 
those of the other RM03 phases. For 
example, YTi03 is a ferromagnet (6, 9, 10)). 
As the ionic radius of Y3+ is similar to that of 
Ho3+ it was suspected that the Ti-Ti inter- 
action for at least the second half of the 
RTi03 series, R = Gd to Lu, might also be 
ferromagnetic. In such a case R-Ti inter- 
actions would not be subject to cancellation 
by symmetry and the magnetic properties of 
these materials might be rather different 
from those of the related RM03 compounds. 

These expectations have proved to be well 
founded and we report here the bulk 
magnetic and structural properties for 
RTi03, R = Gd, Tb, Dy, Ho, Er, and Tm. 
Limited data are also available for YbTi03 
and LuTi03. These materials form a related 
subgroup within the RTi03 series, the 
common feature being ferrimagnetism. 
Those phases for which R = La, Ce, Pr, Nd, 
and Sm exhibit quite different magnetic 
properties which will be the subject of a 
subsequent publication. 

Experimental 

Sample Preparation 

The general procedure was to fire well- 
mixed equimolar amounts of R203 and 
Ti203 sealed in molybdenum crucibles under 
argon at 1500 to 1800°C for 12 hr. In this 
manner single-phase products were obtained 
in all cases except YbTi03 and LuTi03. In 
these two cases lines from a cubic impurity 
phase comprising perhaps 10% of the sample 
were always detected in the X-ray powder 
pattern. For several attempted preparations 

of LuTi03, the cubic impurity phase could be 
identified as Lu203. This casts some doubt on 
the stoichiometry of the perovskite phase 
found in this preparation but for want of 
more precise information we will refer to that 
phase as LuTi03. The impurity lines found in 
YbTi03 preparations did not correspond to 
any previously known phase. For the case of 
the LuTi03 preparations small, black, tabu- 
lar crystals were found on the pellet surfaces. 
These proved to be crystals of the perovskite 
phase by precession photography and about 
30 mg were isolated. This was a sufficient 
quantity for determination of a critical 
temperature and some other magnetic pro- 
perties but not for chemical analysis. The 
R203 (99.99% relative to other rare earths) 
were used as obtained from Research 
Chemicals except for a prefiring in air at 
1000°C. Tbz03 was prepared from Tb407, 
same purity and supplier, by Hz reduction at 
1350°C for 8 hr. Ti203 was prepared from Ti 
sponge (99.99%) and TiOz (99.95%) by arc 
melting in a purified Ar/He atmosphere. 
Stoichiometry was controlled to an O/Ti= 
1.500 f 0.005 and was monitored by thermal 
gravimetric analysis (tga). 

Sample Characterization and Analysis 

Phase purity was determined by X-ray 
powder diffraction using a Philips 
diffractometer and Cu& radiation. Pre- 
cision lattice constants were determined on 
the same diffractometer using an internal 
standard of polycrystalline Si, 99.999%) 
ao= 5.4301 A, and at least 15 unam- 
biguously indexed reflections. 

Chemical analysis of these materials is 
difficult. It has thus far proved impossible to 
dissolve them using any standard technique 
including bisulfite fusions and high-pressure 
(30 atm), high-temperature (240°C) treat- 
ment with HF/H2S04. Ti3+ content can be 
determined by tga in air assuming oxidation 
to Ti4+ and the R/Ti ratio can be determined 
in favorable cases by neutron activation 
analysis on powders. 



FERRIMAGNETISM IN RTiO, 209 

Magnetic Measurements 

Magnetic data were collected using a PAR 
vibrating sample magnetometer between 4.2 
and 300 K. Temperature was measured 
using a calibrated iron-gold thermocouple. 
The magnetometer was calibrated with a 
sample of high-purity nickel. Magnetic fields 
in the range of 6.0T were obtained from a 
superconducting solenoid. 

Results and Discussion 
Chemical Analysis 

The results of the tga and neutron activa- 
tion analyses are presented in Table I. 

The materials prepared and used in this 
study are not grossly nonstoichiometric 
within the limits of our analytical methods. 
As the YbTi03 and LuTi03 phases could not 
be prepared as single phases, their analytical 
data are not included in the table. 

Crystal Chemistry 

All lines in the powder patterns of all of the 
phases studied here, except YbTiOs and 
LuTi03, could be indexed on an ortho- 
rhombic cell of the type appropriate to Pbnm 
symmetry. Lines belonging to a similar 
orthorhombic cell could be assigned from the 
two-phase powder patterns of YbTi03 and 
LuTi03. Single-crystal data (II) for GdTi03 
and YTi03 (the ionic radii of Y3+ and Ho3+ 
are essentially equal) (12) establish the Pbnm 
space group for these two materials and, by 

TABLE I 

ANALYTICALDATAFOR RTiOs PHASES 

Percentage weight gain by oxidation 
R/Ti neutron 

R Exp. Theor. Diff. activation 

Gd 3.11 3.16 -1.58 
Tb 3.13 3.14 -0.32 - 
DY 2.99 3.10 -3.55 
Ho 3.06 3.07 -0.33 1.02 * 0.01 
Er 2.99 3.04 -1.64 0.998 f 0.010 

Tm 3.09 3.02 +2.32 - 

reasonable extension, for the remaining 
members of this series. Cell constants and 
cell volumes are given in Table II and a plot 
of cell volume versus the cube or the R3+ 
radius is presented in Fig. 1. The values in 
Table II differ slightly from those quoted in a 
preliminary report (8) due to reindexing of 
some diffraction lines. The cell volume varies 
in a linear manner with the R 3+ ionic volume. 
Our values are in reasonable agreement with 
those reported previously by McCarthy et al. 
(13). 

Magnetic Properties 

Figures 2a and b display the temperature 
dependence of the inverse magnetic suscep- 
tibility for the materials studied here. Note 
that Curie-Weiss behavior is found from 300 
to about 120 K, below which negative devi- 
ations set in. In fact, these curves have the 
familiar hyperbolic shape characteristic of 
two-sublattice ferrimagnets. This is the first 
evidence that the intersublattice interaction 
is relatively more important in the RTi03 
compounds than in the corresponding 
RCr03 and RFe03 phases. We have fit our 
susceptibility data to the appropriate 
function (13), 

T-6 5 ,y,’ =--- 
C T-t”’ 

TABLE II 

UNIT-CELLDATAFORVARIOUS RTiO, 

b Volume 
R (ii (A) (ii (A3) 

Gd” 5.393(2) 5.691(2) 7.664(3) 235.2 
Tb 5.355(2) 5.665(2) 7.647(4) 232.0 

DY 5.355(2) 5.681(2) 7.655(3) 232.9 
Ho 5.347(2) 5.672(S) 7.621(5) 230.9 
Er 5.295(2) 5.649(2) 7.588(2) 226.9 

Tm 5.293(2) 5.648(2) 7.586(3) 226.8 
Yb 5.288(3) 5.638(3) 7.585(4) 226.1 
LU 5.282(2) 5.617(l) 7.585(3) 225.0 

a Data from a single crystal; all other data are from 
powders. The numbers in parentheses are the standard 
deviations in the last significant figure. 
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FIG. 1. Correlation between unit-cell volume and the 
cube of the R’+ radius for various RTi03. The radii are 
those for VIII-fold coordination (12). 

based on the molecular field model for the 
two-sublattice ferrimagnet and the param- 
eters are given in Table III. Also in Table III 
we report the molecular field coupling 
COllStaIltS yr+Ti, Yn-Ti, and YR-R derived 
from these fitting parameters. 

A number of the entries in Table III 
require comment. As the constant, C, is 
determined from the Curie-Weiss part of the 
curve its value should be equal to CR3++ 
CTi3+ (0.37) and this number is listed in the 
column designated Ctheor. All of the C,, are 
smaller than expected. A similar effect can be 
found in the data for the corresponding 
RCr03 compounds (3) but it is much more 
pronounced here. For one case, ErTiOJ, the 

0 TmTiO, 

ErTl 0, 

TbTiO. 

TIO, 

difference is quite large. A possible explana- 
tion for these discrepancies might lie in the 
combined effects of crystal-field-induced 
anisotropy and preferred orientation in the 
polycrystalline samples. It is well known that 
the interaction between the crystal field and 
the orbital moment of the rare earth ions can 
give rise to giant magnetocrystalline aniso- 
tropies and evidence for this effect will be 
presented later relevant to this series of 
compounds. 3ur samples consist of dense 
pellets pressed from coarse powders and in 
this form individual particles will be fixed 
relative to the magnetic field. We have 
observed that small crystals of the RTi03 
phases often show a plate-like habit. We are 
attempting to prepare single crystals of some 
of these compounds in order to investigate 
further the possibility of paramagnetic 
anisotropy. 

Given the problem just outlined and the 
well-known deficiencies of the molecular 
field model it is not clear how much quan- 
titative significance to attach to the molecu- 
lar field COdiCiClltS, YTi-Ti, YR-Ti, and YR-R. 
Nonetheless, conclusions can be drawn. 
YTi-ri is positive (ferromagnetic) and is 
generally larger by an order of magnitude 
than yR-R. This is reasonable as the critical 
temperatures, T,, for the RTi03 phases are 
an order of magnitude greater than those for 

GdTiO, 

b 

0 100 200 300 
T(K) 

FIG. 2. (a) Inverse susceptibility as a function of temperature for R = Tb, Dy, Er, and Tm. (b) Inverse 
susceptibility as a function of temperature for R = Cd and Ho. 
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TABLE III 

CURVE-FINING PARAMETERS~ DERIVED FROM HIGH-TEMPERATURE SUSCEPTIBILITIES AND 
ORDERING TEMPERATURES FROM LOW-FIELD MAGNETIZATION DATA FOR VARIOUS RTiOs 

7-C 
R (K*2 W cex, Ctheor. (:I 5 (:I YR-T, YTi-Ti YR-R 

Gd 34 8.12(3) 8.25 -4.7(9) 534) 41(l) -5.6 9.5 -0.6 
Tb 49 9.69(8) 12.19 -1w 40(4) 48(2) -5.6 9.3 1.4 
DY 64 11.9(l) 14.54 16(l) 36(4) 52(2) -3.0 9.1 2.2 
Ho 56 13.40(4) 14.44 -5.4(7) 26(S) 52(l) -4.3 6.3 0.76 
Er 41 6.1(4) 11.85 -9(l) 18(2) 40(l) -7.9 8.4 1.7 
Tm 58 6.1(2) 7.52 -19.6(7) 55(7) 59(l) -13.0 12.6 0.49 
LUb 30 - - _ - - - - - 
Y’ 29 0.36 0.37 33 - - - 9.4 - 

’ The four parameters were obtained from 40 to 50 data points in the range 300 K to-T,. The numbers in 
parentheses represent the standard error in the last significant figure. A more complete set of KG’ vs T data than is 
shown in figs. 2a and b is available and may be obtained from the authors upon request. 

b Reference (6) reports T, = 38 K for “LuTiOs.” 
’ Reference (6). 

the corresponding RA103 compounds (I). 
Although there iS apparent VariatiOn of Yri-ri 
throughout the series, this may be an artifact 
of the fitting procedure, and it is interesting 
to note that the mean value and the sign of 
Yri-ri for the entire series are very close to 
those for the ferromagnet, YTiOs. The fact 
that T, for LuTi03, also a ferromagnet (6), is 
nearly the same as that for YTi03 lends 
Support to the thesis that Yri-ri is ferro- 

magnetic and invariant throughout this part 
of the RTi03 series. Such behavior is in 
sharp contrast to that exhibited by the 
RV03, RCr03, and RFe03 series in which 
the critical temperature and Y~-~ decrease 
monotonically as the cell volume decreases 
from R = Gd to R = LU (Id). YR-Ti is 
generally intermediate in magnitude 
between Yri-ri and ~/R-R and always antifer- 
romagnetic. The wide variation in magnitude 
from compound may be a real effect. 

Critical temperatures, T, were determined 
from plots of u2 vs T data obtained at low 
fields, ca. 0.0045 T. These plots were 
reasonably linear near T, and an example is 
shown as an inset of Fig. 3. The variation of 
T, within the RTiOs series is not correlated 
with any obvious property of the crystal, such 

as cell volume, or any property of the R3+ 
ion, such as J, gJ, or S. 

Magnetization measurements yield data of 
which those in Fig. 3 for ErTi03 are typical. 
From the shape of these curves there is no 
evidence that the R sublattice orders at a 
different temperature than the transition 
metal sublattice. Again this contrasts with 
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FIG. 3. Temperature dependence of the magnetiza- 
tion below the critical temperature for ErTiOs. The 
applied field is 0.5 T. The inset shows the low-field 
(0.0045 T) (+* vs T plot used to estimate the critical 
temperature, T,. 
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the behavior of RV03, RCr03, and RFe03 
as indicated in the introduction. The 
temperature dependence of the zero-field 
magnetization of certain of the RTiOs 
compounds is currently under investigation 
by neutron diffraction techniques. 

Isothermal magnetization versus applied 
field behavior is shown in figs. 4 and 5. The 
data for GdTiOs are quite different from 
those of the other members of the series in 
that there is a sharp rise at low fields reaching 
a value in excess of 5 l.!,u at 1.5 T. Measure- 
ment to 6.0 T, not shown, indicate apparent 
saturation with a value of 6.0 pg. This is near 
the value expected for a colinear ferrimag- 
netic coupling between Gd3+ (4f7) and Ti3+ 
(3d’). Magnetization curves for the remain- 
ing members of the series show a pronounced 
~“S” shape at low fields and never approach a 
value near that expected for a colinear struc- 
ture even at fields up to 6.0 T (Fig. 5). 
Behavior of this sort might result from 
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FIG. 4. Isothermal (4.2 K) magnetization versus 
apphed field for various RTi03 in the field range 
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FIG. 5. Isothermal (4.2 K) magnetization versus 
applied field for various RTi03 in the field range 
0 + 6.0 T. 

complex magnetic structures, the effects of 
magnetocrystalline anisotropy, or some 
combination. The fact that it occurs only for 
those R 3+ species with large orbital moments 
suggests that mangetocrystalline anisotropy 
plays an important role. Neutron diffraction 
studies of the magnetic structures of some of 
these compounds are under way. 

Summary and Conclusions 

The compounds RTi03 where R = Gd, 
Tb, Dy, Ho, Er, and Tm are found to be 
ferrimagnets. Analysis of the exchange 
interactions on a molecular field model 
shows that the Ti-Ti interaction is ferro- 
magnetic and the strongest coupling in the 
system. The R-Ti interaction is always anti- 
ferromagnetic and, while smaller than the 
Ti-Ti coupling, is of the same order of 
magnitude. This situation is quite unlike that 
for the related RM03 compounds (M = V, 
Cr, Mn, Fe) where the strong antiferromag- 
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netic M-M interaction causes the R-M 
interaction to nearly vanish by symmetry. 

Critical temperatures for the RTiOs series 
vary in an unpredictable manner with R. 
Anomalies in the low-temperature mag- 
netization data suggest the importance of 
magnetocrystalline anisotropy combined 
with noncolinear magnetic structures. 
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