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Single-phase products spanning the entire composition range LaTiO,-YTiO; were prepared. Magneti-
zation-temperature data suggest a transition from negative Ti3*-Ti%* exchange interactions at the La-
rich end to positive exchange interactions at the Y-rich end. The magnetic behavior of the intermediate
compositions is complex and not well understood. Inverse susceptibility vs temperature data were
fitted to a model including both a Curie-Weiss and temperature-independent term. This temperature-
independent term scales linearly with La content. The electrical resistivity of single-crysta! samples of
Lay 1Y ,.5TiOg and La, 2 YsTiO; was measured in the range 225-300 K. These data are characteristic of

an activated transport mechanism.

Introduction

The isostructural compounds LaTiO; and
YTiO; show surprisingly different physical
properties. Above 130K, LaTiO; appears to
be metallic. The electrical resistivity, p, in-
creases with temperature and the magnetic
susceptibility, x, is temperature indepen-
dent. These facts are consistent with an
itinerant model for the Ti3* d! electrons. It
seems reasonable to attribute at least part
of the temperature-independent susceptibil-
ity to Pauli paramagnetism. Below 130K,
both p and x increase as the temperature
drops. It is not clear whether the Ti** d
electrons are localized or itinerant below
this temperature. It is possible that LaTiO,
is a semiconductor in this region. The in-
crease in the susceptibility can be inter-
preted as the onset of magnetic ordering.
An extremely small saturation moment of 7
X 107® up/Ti®* ion has been reported at
4.2K, as well as a hysteresis in the magnetic
moment vs field curve at the same tempera-
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ture (/). This behavior may indicate weak
ferromagnetism due to a canted antiferro-
magnetic structure.

YTiO; is a semiconductor. Above 29K,
the paramagnetic susceptibility obeys the
Curie-Weiss law with a Curie constant es-
sentially that of a spin-only, d* system. Be-
low 29K, this compound orders ferro-
magnetically. A saturation moment of
0.84.5/Ti%* ion at 4.2K has been reported
(2). These facts strongly suggest that the
Ti3* d electron is localized in YTiO; over
the entire temperature range investigated.

In both these compounds, the only mag-

. netic electron is the 3d on Ti3+. Since there

are no short Ti-Ti contacts in these materi-
als, the exchange pathway between the Ti3+
ions includes an intervening oxide ion,
making the Ti-O-Ti bond angle an impor-
tant parameter. Goodenough and Longo
have suggested that the Ti** d! electron
may undergo a transition from itinerant to
localized electron behavior as the angle de-
creases from 18(° (3). The Ti-O-Ti angle
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TABLE I
OXIDATIVE WEIGHT GAIN DATA FOR La,Y,_.TiOg

Weight gain Weight gain 100 x (wtg(theo)—wtg(obs))
(theoretical) (observed) wtg(theo)
Lag, 4.00 3.86 35
Lag, 3.91 3.82 2.3
Lag 3.81 3.84 -0.8
Lagg 3.72 3.74 -0.5
Lags 3.64 3.64 0
Lagg 3.56 3.62 -1.7
Lag, 3.48 3.37 3.2
Laggs 3.44 3.35 2.6
LaTiO, 341 3.28 38

may also determine the sign of the magnetic
coupling. Magnetic susceptibility data on
the RTiO; series (R = lanthanide3*) indi-
cate that an itinerant-localized type of tran-
sition may occur between CeTiOj (itiner-
ant) and PrTiO; (localized) (4). The
Ti—-O-Ti angle in LaTiO; is 157° compared
to 142 in YTiO; (5).

Solid solutions of the form La,Y,__ TiO;
(x = 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 0.95,
1.0) were prepared to investigate the
change in magnetic properties between the
two systems. Reference will be made to
studies on the phases (x = 0, 0.1, 0.2) pub-
lished previously (6).

Sample Preparation and Analysis

All compounds were prepared by arc-
melting mixtures of the rare earth oxides
R,0;, and TiyO3. Single crystals of Lag,
Y,.oTiO3 and La, ;Y sTiO3 used in resistiv-
ity studies were grown by the Czochralski
technique. Details are given in a following
publication.

The Ti** content was measured by the
weight gain of the product upon air oxida-
tion to R.Ti;0; (2RTi®Y0; + 40, —
R,Ti{*Y0;) (Table I). As the products
tended to be slightly oxidized, a reduced
form of titanium sesquioxide (~Ti;Oq g)
was used in the preparations.

Cell constants were obtained by a least-

squares fit of at least 10 powder diffraction
peaks correcied with an internal KCl stan-
dard (Table II). Peak overlap was especially
severe in the La-rich end of the series. A
Guinier camera was used to collect data for
the phases Lag¢Y,,TiO3~Lag Yy, TiOs. All
reflections were consistent with single-
phase products having the expected
orthorhombic cell (Pbnm) common to both
end members of the series (5). A plot of
(rare earth radius)® vs cell volume shows no
discontinuities (Fig. 1).

Magnetic and Resistivity Measurements

Magnetic data were collected on a PAR

TABLE II
CELL CONSTANTS FOR La,Y, .TiO;

a b c v
YTiO;  5.340(5) 5.690(4) 7.611(5) 231.2(5)
Lag, 5.366(3) 5.677(3) 7.651(5) 233.1(4)
La,, 5.395(3) 5.672(3) 7.684(5) 235.1(4)
Lags 5.429(5) 5.677(6) 7.725(15) 238.1(9)
Lag, 5.462(10) 5.671(6) 7.736(7) 239.6(9)
Lag s 5.477(10) 5.667(1) 7.769(8) 241.1(7)
Lagg 5.517(11) 5.649(11) 7.815(1) 243.6(12)
Lag s 5.589(11) 5.626(6) 7.879(15) 247.7(12)
Lagsg 5.566(11) 5.623(5) 7.930(16) 248.2(12)
Lagg 5.593(11) 5.618(6) 7.937(8) 249.4(10)
Laggs 5.626(4) 5.620(6) 7.913(14) 250.2(9)
LaTiO; 5.633(10) 5.614(9)  7.940(6) 251.1(9)
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Fic. 1. Cell volume vs (rare earth radius)® for La,
Y,-zTiOs. The value of x is indicated. The error bars
indicate one standard deviation.

vibrating sample magnetometer using
pressed polycrystalline pellets weighing
about 500 mg. Magnetization as a function
of temperature was investigated for all
compounds La,;Y,;TiOs-LaTiO; at ap-
plied fields of 0.0045-1.07. Magnetic mo-
ment versus field curves at fields to 1.5T
were obtained at various temperatures for
the phases Lao_3Yo.7TiO3—Lao.gYo'zTiO;; as
an aid in locating 7,. Due to the extremely
small moment on certain of these com-
pounds, the onset of paramagnetism was
determined by the disappearance of hyster-
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FiGc. 2. Magnetic hysteresis measurements for
La, 5 Y, sTiOg at various temperatures. The magnitude
of the zero field remanence (emwmole) is given in
brackets.
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FiG. 3. Magnetization vs temperature for the phases
LaTiOg, LagesY.05TiOs, and LageY, TiOs. The ap-
plied field is given in brackets.

esis rather than a zero intercept in the M vs
H curve. The uncertainty in the zero of the
apparatus is on the order of the observed
zero field differences. The magnitude of this
remanence increases consistently as the
temperature falls below T, (Fig. 2). Temper-
ature was monitored using a gold-0.07%
iron vs chromel thermocouple. Susceptibil-
ity data in the range 80-300K for the com-
pounds La,Y, ,TiO; (x = 0, 0.1, 0.2, 0.4,
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FiG. 4. Magnetization vs temperature for the phases
LagsY,.TiOs, Lag;Y,esTiOs, and LaggY,  TiO5. The
applied field is given in brackets.
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FiG. 5. Magnetization vs temperature for the phases
LagsYesTiO; and Lag,Y,¢TiO;. The applied field is
given in brackets.

0.7) were obtained using the Faraday tech-
nique.

Resistivity data were collected on single-
crystal samples of La,g;Y,¢I10; and Lag,
Y,sTiO; in the temperature range 225-
300K using the Van der Pauw method (7).
The crystals were polished into disks of di-
mensions ~5 X 2 X 0.5 mm.

Results and Discussion

The magnetization—temperature data di-
vide this series into four distinct classes.
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F1G. 6. Low-field magnetization vs temperature for
the phases La,Y,_,TiO; (x = 0, 0.05, 0.1, 0.2, 0.3).

(I) For the phases containing 90, 95, and
100% La, a single sharp drop in the magne-
tization was observed (Fig. 3). T, can be
estimated by a linear extrapolation of M? vs
T. T, drops as the Y content increases. The
small magnetic moments observed in these
compounds point to negative exchange in-
teractions between the titanium ions.

(II) The phases LaggY o TiO3—LagsYo.
TiO, are characterized by an initial steep
drop in the magnetization at low tempera-
ture, followed by a region of slightly convex
curvature. At higher temperature, the mag-

TABLE III
MAGNETIC DATA FOR La,Y,_,TiOy

9 Xp(X 108 Regression

T, (K) ce (cm?® mole™) coefficient
YTiO, 29(2) 330 0.35° g
La,, 19(2) 19 0.27 0 0.9999
La,, 14(2) 1 0.27 180 0.9997
Lags 11(2)
La,, 43-57 -20 0.17 380 0.9989
Lags 94-106
Lag, 112(4)
Lay, 123(4) —13 0.04 510 $.9970
Lagg 125(4)
Lags 115(2)
Lages 127(2)
LaTiO; 130(2) 800

2 In units of cm® K mole.
b Data drawn from Ref. (9).
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netization decreases to a small, nearly con-
stant value (Fig. 4). 7, for these com-
pounds, as determined by the onset of
magnetic hysteresis, corresponds to this
point at which the magnetization becomes
nearly temperature independent. Although
within this second group of compounds the
critical temperature scales as expected with
Y content, it should be noticed that 7, for
LaggY,TiO3 and La,y;Y,3TiO; is actually
higher than that for the 90% La phase. This
may imply the presence of a type of mag-
netic ordering in these three compounds
different than that found in group (I).

(II) Lay 5 Y 5TiO; and Lay Y, . TiO3 com-
pose the third group in this series. For both
compounds, the magnetization drops
sharply and smoothly in the region of 12K
(Fig. 5). Surprisingly, hysteresis persists to
a much higher temperature. No anomaly
was observed in the magnetization—-temper-
ature curve in the region where the hystere-
sis disappears. In the La,Gd,_,TiO; series,

.however, anomalies in the magnetization
near this temperature region were observed
which are greatly suppressed on application
of an external magnetic field. An unsuc-
cessful search for hysteresis behavior in
Lao3Y,,TiO; at higher temperatures con-
firms that 7, corresponds to the sharp de-
crease in the magnetization at 11K.

(IV) The remaining phases Lag3Yy;
TiOs-YTiO; exhibit a single smooth drop
in the magnetization (Fig. 6). T, scales with
Y content from a minimum of 11K for the
30% La compound to 29K for YTiO;. The
magnitude of the observed magnetic mo-
ments implies the presence of positive ex-
change interactions in these phases.

Thus the magnetic behavior of the inter-
mediate compositions LaggY,TiOs—Lay
Y,6TiO3 seems to be much more com-
plex than that of the end members of the
series. The values of 7, are summarized in
Table III.

The high-temperature inverse suscepti-
bilities of the 10, 20, 40, and 70% La mix-
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tures are shown in Fig. 7. Only that of
Lay Y TiO; displays the usual linear Cu-
rie—-Weiss behavior. As the La content in-
creases, the curvature becomes more pro-
nounced. Recalling that the susceptibility of
LaTiO; in this region is temperature inde-
pendent, the susceptibilities of these phases
were expressed in the form

m = C(T — 0) + Xt (1)

where xrp represents the temperature-inde-
pendent contribution. x of CeTiO, was ana-
lyzed according to this scheme (/). Treated
in this manner, x™! for the phases La, Y, ,
TiO3(x=0,0.1, 0.2, 0.4, 0.7) are presented
in Fig. 8. From Table III, it can be seen that
the value of the Curie constant, C, drops
with La concentration. Paralleling this de-
crease in C is the near linear increase in Xqp
with La content.

These susceptibility data are consistent
with both itinerant and localized electron
systems. yrp may be interpreted as Van
Vleck paramagnetism arising from the ef-
fect of the crystal field on the localized Ti®**
ion. Previously reported crystallographic
data indicate that as the La content in-
creases, the environment of the Ti®* ion be-
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F1G. 7. Inverse susceptibility vs temperature for the
phases La, Y, ,TiO; (x = 0.1, 0.2, 0.3, 0.4). The value
of x is given in brackets.
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comes more ideally cubic (5). Thus the non-
magnetic ground state predicted for a 3d!
system under the influence of spin—orbit
and cubic crystal field perturbations would
be more closely realized (8). This model
predicts the growing predominance of xp
as the La content increases and as the Curie
constant decreases.

The observed dependence of xpp and C
on La composition is also consistent with a
growth in itinerant character of the Ti®*
electrons toward the La-rich end of the se-
ries. Since both these models predict simi-
lar behavior, the magnetic data alone are
insufficient to resolve the ambiguity. From
the inverse susceptibility data, it can also
be seen that 6 becomes smaller as the La
content increases, changing sign at the 40%
La phase. This may indicate the importance
of negative exchange interactions or crystal
field effects.

Resistivity data collected on the phases
Lag,YoeTiOs and Lag,Y,sTiO; in the re-
gion 225-300K show a linear increase in In
pwith T-1 (Fig. 9). Recall that La,, Y, sTiO;
exhibits a substantial pp. This evidence in-
dicates an activated rather than a metallic
transport mechanism. Thus for the Y-rich
compounds at least, it seems reasonable to
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FiG. 8. Inverse susceptibility vs temperature cor-
rected after Eq. (1) for the phases La,Y,_,TiOs (x = 0,
0.1, 0.2, 0.4, 0.7). The value of x is given in brackets.
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F1G. 9. Natural logarithm of the electrical resistivity
(ohm-cm) vs reciprocal temperature for the phases
La,,Y,TiO; and Lag,Y,TiO;. The activation ener-

gies are 0.221(4) eV - mole~! and 0.187(4) eV - mole™1,
respectively.

attribute the bulk of xmp to Van Vleck para-
magnetism arising from crystal field effects
rather than to Pauli paramagnetism.

Conclusions

The La,Y;__TiO; solid solutions can be
divided into four groups based on the tem-
perature dependence of the magnetization.

(I) LaTiOs-LageY,,TiO3. The magneti-
zation—temperature curves of these com-
pounds are Brillouin-like, consistent with
weak ferromagnetism, possibly arising from
a canted antiferromagnetic structure.

(II) LaesYo2TiO3-LageY4TiOs. These
phases are characterized by the unusual
curvature of the M vs T plots. T, corre-
sponds to the appearance of a high-temper-
ature anomaly in the magnetization. This
behavior implies a complex magnetic struc-
ture.

(III) LagsY,5TiOs-Lag Yo eTiOs. Like
group (II), these compounds exhibit a criti-
cal temperature above 40K, although no as-
sociated anomaly is present in the magneti-
zation near T,.

(IV) Lay3Y,;TiOs—YTiO;. The magneti-
zation—temperature behavior of these
phases points to a well-behaved ferromag-
netic system.

High-temperature susceptibility data for
the phases La,Y; ,TiO; (x = 0, 0.1, 0.2,
0.4, 0.7) were successfully fitted to a model
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assuming a Curie-Weiss plus a tempera-
ture-independent term. The observed de-
pendence of xrp and C on La composition
is consistent with both an increase in itiner-
ant electron behavior and the evolution of
crystal field effects in a localized electron
system. Resistivity data collected on
Lay,Y,,TiO3 and Lay Y, sTiOs are incon-
sistent with metallic electron behavior.
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