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Solid solutions were prepared encompassing the entire composition range between LaTiO; and GdTiO;.
An anomaly in the magnetization—temperature data associated with magnetic ordering within the Ti®*
sublattice was observed for the phases Lag 53GdysTiO3—~LaTiOs. Lay 3Gd, ,TiO3—GdTiO, appear to be
two sublattice ferrimagnets. Anomalies in the magnetization-temperature curves observed for the
compositions La, ¢Gd, ,TiO3~La,sGde 2 TiO; are consistent with spin glass behavior. The saturation
magnetization of GdTiO; at 4.2K was measured to be 5.8 + 0.2 pp/formula unit. Susceptibility data
analyzed using the mean field model show a dramatic decrease in the strength of the ferromagnetic
Ti**-Ti** exchange on the dilution of the Gd** sublattice by even 5% La%t.

Introduction

In the preceding paper (1), the isostruc-
tural series of solid solutions La,Y,_,TiO;
was discussed. There is evidence for a
change in sign of the Ti**-Ti** magnetic
coupling between LaTiO,; (antiferromag-
netic) and YTiO; (ferromagnetic). Since
both rare earths are diamagnetic, all mag-
netic effects observed can be attributed to
the Ti3* sublattice. The previous study indi-
cates that the intermediate compositions
have a complex magnetic structure.

The La,Gd,;_,TiO; series introduces the
complication of a magnetic rare earth sub-
lattice (Gd®*-4f") but thereby creates the
opportunity of studying the rare earth—tran-
sition metal interactions. Gd** was chosen
since it is an S state ion, therefore crystal
field effects should be negligible. From pre-
vious reports GdTiO; appears to be a 2 sub-
lattice ferrimagnet, as are the other mem-
bers of the series RTiO; (R = Tb-Yb) (2).
Thus, as in the La-Y series, a change in
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sign of the Ti®*-Ti** coupling is expected
as the rare earth ratio is varied. Solid solu-
tions of the form La,Gd,_,TiO; (x = 0, 0.1,
0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 0.95, 0.98,
1.0) were prepared to monitor the change in
magnetic properties across this series. A
preliminary communication on this work
has been published previously (3).

Sample Preparation and Analysis

All compounds were prepared by the re-
action of appropriate mixtures of the rare
earth oxides R,04 (99.99%, from Research
Chemicals) and Ti,O;. The rare earth ox-
ides were prefired for 12 hr at 1000°C. Ti,O4
was prepared by arc-melting Ti sponge
(99.99%, from Alpha Inorganics) and TiO,
(99.95%, from Atomergic Chemicals) under
argon.

The starting materials for the polycrystal-
line phases GdTiO3—-La,sGdesTiOs were
sealed under argon in molybdenum cruci-
bles and subjected to radio-frequency heat-

204



MAGNETIC BEHAVIOR OF La,Gd,_.TiOs

ing near 1500°C for about 18 hr. The re-
maining La-rich phases were prepared by
arc-melting. The reaction was carried out
under argon on a rotating water-cooled cop-
per hearth. The sample was molten for less
than 3 min. Single-crystal samples of com-
position Layo-La,; were also prepared.
The starting materials were outgassed in a
tri-arc crystal-growing furnace and the
crystals were pulled from the melt at a rate
of 1-2 cm/hr using the Czochralski tech-
nique (4). Crystals of about 20 mg (1- to 3-
mm dimensions) consisting of one or two
grains were extracted. Laue photographs
indicated the misalignment of the grains to
be at most 2°.

All products were analyzed by powder
X-ray diffraction and thermal gravimetric
analysis (TGA), measuring the weight gain
upon air oxidation (2RTi**0O; + 30, —
R,Ti$0,).

Cell constants were derived by a least-
squares fit of 10-18 powder diffraction
peaks which were corrected with an inter-
nal standard (Table I). All reflections could
be indexed on the expected orthorhombic
cell (Pbnm) consistent with the structure
determination of the two end members of

TABLE I
LATTICE CONSTANTS FOR La,Gd,_,TiO;

a b c Volume
(A) @A) A) (A3

GdTiO; 5.409(5) 5.712(4) 7.681(7)  237.3(6)
Lage  5.409(5) 5.70(5) 7.683(6)  236.%(6)
Lagg  5.414(5)  5.693(5) 7.694(8) 237.1(7)
Lag, 5.429(5) 5.681(6) 7.705(8)  237.6(7)
Lags 5.450(5)  5.677(5) 7.733(9)  239.3(7)
Lag, 5.475(6) 5.664(4)  7.762(5)  240.7(6)
Lag, 5.497(6)  5.656(4)  7.789(6)  242.2(6)
Lagy 5.516(6) 5.634(4)  7.820(6)  243.0(6)
Lage 5.532(11) 5.654(11) 7.830(12) 244.9(13)
Lag, 5.561(9)  5.640(6)  7.864(16) 246.6(12)
Lags 5.593(10) 5.627(6)  7.885(11) 248.1(11)
Lage 5.622(4)  5.619(6)  7.908(11) 249.8(8)
Lages  5.621(4)  5.609(5) 7.917(12) 249.6(8)
LaTiOs 5.633(11) 5.614(5) 7.940(6) 251.1(9)
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F1G. 1. Cell volume vs (rare earth radius)®. Error
bars represent one standard deviation.

the series, LaTiO3; and GdTiO; (5). A plot
of (rare earth radius)? vs cell volume yields
a smooth curve (Fig. 1).

TGA results (Table II) show close agree-
ment with the desired stoichiometry, al-
though slightly oxidized products are prev-
alent. The compounds prepared by the
solid-state reaction were most prone to oxi-
dation. The degree of oxidation seemed to
increase roughly with firing temperature

TABLE II
OXIDATION WEIGHT GAIN (wtg) FOR La,Gd,. ., TiO;

(wtg!,_,gg - wtgm) % 100
thuwo thubs ththeo
(%) (%) (%)
LaTiO3 3.41 3.28 3.8
Lao.gs 339 3.26 3.8
Lagg 3.38 3.30 2.4
Lagsg 3.35 3.36 -.3
Lao‘-( 3.33 3.32 .3
Lags 330 3.27 1.0
Lays 3.28 3.31 -.8
Lag, 3.25 3.21 1.2
Lays 3.23 3.29 -1.9
Lag* 3.21 3.07 4.4
La,, 3.18 3.13 1.6
Lage 317  3.23 ~1.9
ap.02 3.16 3.09 2.2
GdTiO, 3.16 3.09 2.2

% Lag sGd,¢TiO3; was considered too oxidized for
further study.
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and duration. Single-phase products with
the same nominal Gd/Ti ratio as those in
Table IT were obtained, and analyzed to as
much as 37% oxidized. Critical tempera-
tures of these oxidized samples were de-
pressed by as much as 6K. The lattice con-
stants of the oxidized samples were
significantly smaller than those reported
here, indicating the presence of Ti**. It is
likely that the Ti** is associated with a
charge compensation due to a rare earth
cation deficiency. This is consistent with
the nonstoichiometry reported in certain
oxidized rare earth transition metal
perovskites (6, 7). In some preparations,
slightly reduced titanium sesquioxide,
~Ti,04.99, was used to offset the tendency
toward oxidation.

Magnetic Measurements

Magnetic data were obtained using a PAR
vibrating sample magnetometer, calibrated
by means of a high-purity nickel standard.
Polycrystalline samples were pressed into
200- to 500-mg pellets. Ordering tempera-
tures were derived from magnetization—
temperature data collected at an applied
field of 0.0045-1.0 T. For certain of the La-
rich phases, M vs H data were collected ata
number of temperatures and changes in the
M vs T curves were studied as a function of
applied field.

Susceptibility data were obtained for
powder samples of composition Lag¢—Lags
in the range 4.2-200K at an applied field of
~1 T. The temperature was monitored us-
mg a gold-0.07% iron vs chromel thermo-
couple.

Results and Discussion

As the La/Gd ratio is varied, changes in
the low-field magnetization—-temperature
behavior occur over two separate intervals:
one at low temperature below 20K, the
other between 80-130K. In the composi-
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tion range Lao.sGdojTio;;—Lao‘gngo.ozTiO;;
effects are present in both temperature re-
gions simultaneously.

A critical temperature 7 is observed be-
tween 80-130K for the phases LaysGdgs
TiO3-LaTiO; (Figs. 2, 3). As the Gd con-
centration increases, T, drops and the
anomaly itself becomes less pronounced.
Since similar behavior is observed in the
corresponding La,Y,_,TiO; series (1), it is
likely that this T, is due to magnetic order-
ing within the Ti** sublattice. The shape of
the M vs T curve for the phases La,j
GdosTiO3—Lag §Gd, 2 TiOj3 is field dependent
in this temperature range (Fig. 4). The
anomalies observed are greatly suppressed
on application of a large external field. Asin
LaTiO;, hysteresis in isothermal magneti-
zation-field curves was observed in
Lay7Gd,.3TiO; below this T, but not above
it. T, for the phases La, ¢Gd, TiO3;—LaTiO,
were determined by linear extrapolation of
M? vs T. T, for the compositions Lagy
Gdy 50 Ti0O3—Lay sGd, , TiO; were estimated
as the point of inflection of the high-temp-
erature anomaly (Table III).

The evolution of the magnetization curve
in the low-temperature region below 20K is
more complex and more easily described
from the Gd-rich end of the series. The
phases GdTiO;-Lay5Gd;TiO; exhibit a
smooth, well-defined drop in the magneti-
zation in the region 12—33K. The slope be-
comes more shallow as the La concentra-
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FiG. 4. Magnetization vs temperature for Lag;
Gd, ;TiO; at applied fields of 500 and 1000 G.
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FIG. 5. Magnetization vs temperature for the phases
La,Gd,_.TiOg (x = 0.02, 0.05, 0.1, 0.3, 0.4). The mag-
nitude of M for the 10% La phase is one-half that
shown while the magnitude of M for the 30% La phase
is one-quarter that shown. All data were obtained at an
applied field of 45 G except that of the 40% La phase.

tion increases (Fig. 5). This is the only
feature present in the magnetization—tem-
perature data of the compounds GdTiO;-
Lay 4Gdy¢TiOs. LaysGdysTiOs;, however,
exhibits two anomalies in its low-field mag-
netization vs temperature curve. A high-
temperature T, associated with magnetic
ordering within the Ti3* sublattice occurs
near 85K (Fig. 3, insert). At 16K the mag-
netization drops sharply and smoothly with
increasing temperature, exactly paralleling
the behavior of the 30% La and 40% La
compounds shown in Fig. 5. It is unclear
whether or not this low-temperature anom-
aly at 16K represents a true critical temper-
ature due to another distinct magnetic tran-
sition. Critical temperatures for these
phases were estimated by linear extrapola-
tion of M2 vs T, although the unambigu-
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MAGNETIC BEHAVIOR OF La,Gd,_,TiO;

ously linear portion of the curve becomes
less well defined as the La content grows.
T, decreases sharply to 12K for Lags
Gd,;TiO;, at which point it increases
slightly for the 40% and 50% phases. A sur-
prisingly similar quantitative correlation be-
tween T, and La composition was observed
in the Y-rich end of the La,Y,_,TiO; series
).

For the phases LaygGdg TiO3—Lagg
Gd, .TiO;, the smooth drop in the low-tem-
perature magnetization observed for the
Gd-rich compounds develops a fine struc-
ture. At low applied fields (500 G), an
anomalous linear region appears in the
neighborhood of 15K. The shape of this
anomaly is strongly field dependent. Figure
6 shows, in the case of La,;Gdg3TiO3, how
this anomaly appears as a cusp at low ap-
plied field and becomes systematically sup-
pressed as the field is increased. This be-
havior may suggest the evolution of a spin
glass or mictomagnetic regime at these
compositions. Although an actual cusp in
the magnetization—-temperature curve was
observed only for the 70% La phase, a devi-

LG]G(!aTi 0; M

8 18 T(K)
FiG. 6. Magnetization vs temperature for Lag;
Gd, 3TiOg at applied fields of 500, 1000, and 5000 G.
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ation from the Brillouin-like curvature of
the magnetization—-temperature curve near
15K persists for both the 60% La and 80%
La compositions. It may be possible that
the applied field of 500 G was large enough
to suppress the cusp in these latter phases.
Typically, applied fields in the neighbor-
hood of 10 G are employed in spin glass
studies (8, 9). Such small applied fields
would result in magnetic moments too small
to be measured reliably on our equipment.

While there is some uncertainty in the
terminology used in describing these clus-
tering effects (/0) ‘“‘spin glass’ behavior
has been observed in both metals (//) and
insulators (/2) over a wide concentration
range of the clustering species. It has been
proposed that one criterion for spin glass
behavior may be the coexistence of com-
peting positive and negative exchange in-
teractions (8, /2). It is not unreasonable to
expect both types of exchange in these
phases, recalling the ferrimagnetic struc-
ture of the parent compound GdTiO;.

For the most dilute Gd phases (Laggs
Gdy.02TiO3, LaggsGdeesTiOs, and Lags
Gd,TiO3) the fine structure disappears,
resulting in a smooth decrease in the
low-temperature magnetization as afunction
of increasing 7. This feature is entirely ab-
sent in the corresponding La-Y phases.
Figure 7 compares magnetization-tempera-
ture data for both La,, phases collected at
the same applied field. Assuming the Tis%*—
Ti** coupling to be the same in both com-
pounds, we attempt to extract the effect of
the rare earth interactions by a point by
point subtraction of the two curves. Ex-
pressed as an inverse susceptibility (Fig. 8),
this difference follows the Curie-Weiss law
at low temperatures, yielding a negative
value of 6 and a Curie constant very close
to the 0.787 predicted for a paramagnetic
rare earth sublattice of 909 L.a%*/109%Gd3*.
These data point to the existence of short-
range negative exchange interactions al-
though the x™! vs T curve shows no evi-
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dence for a T, above 4.2K. Note also (Fig.
7) that the sum of the magnetic moment cal-
culated for a paramagnetic Gd3* sublattice
plus the signal measured for Lay;Y,TiO;
yields a magnetization significantly larger
than that observed for the corresponding
La-Gd phase. This result further indicates
predominant antiferromagnetic interactions
in this temperature region. Recall that the
low-temperature anomalies for the compo-
sitions LaggGdg TiO5-LagsGde . TiO3 oc-
cur around 15K, whereas the values of T,
for rare earth-rare earth coupling in the iso-
structural RAIO; compounds are usually
much lower than this (/3). The dilution of
the Gd®* sublattice by diamagnetic La3* at
these compositions (Lag4Gdoe—LaosGdo.s)
further discounts significant Gd**—Gd3* in-
teractions. It is probable that the behavior
of the magnetization—temperature curves
below 20K in the La-rich phases is gov-
erned by negative exchange interactions be-
tween the Gd3+ and Ti®* ions. Antiparallel
alignment of the ferromagnetically ordered
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R3 and Ti3* sublattices has been reported-
in the RTiO, series (2).

Magnetic saturation at 4.2K was
achieved on crystalline samples of GdTiO;
and Lag ¢,GdggsTiO3. Data for both the 5%
and 10% La crystals were considered suffi-
ciently close to permit extrapolation to infi-
nite field (Fig. 9). At this end of the series,
the tendency to saturation decreases with
increasing La composition. Assuming a
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FiG. 9. Magnetization vs field for the phases La,
Gd,_.TiO; (x = 0, 0.02, 0.05, 0.1, 0.3). The data were
obtained at 4.2K.



MAGNETIC BEHAVIOR OF La,Gd,_,TiO;

simple colinear ferrimagnetic structure, a
saturation moment for Ti3* of 1.1 = 0.2 uy
was estimated for GdTiO; and 1.0 = 0.2 ug
for the remaining three compounds. The
GdTiO, saturation moment of 5.8 = 0.2 g/
F.U. at 4.2K is in good agreement with the
6 ug/F.U. predicted by the simple two-sub-
lattice model. The magnitude of the Ti*
moment is consistent with a spin-only d*
system, and not far from the value of 0.84 +
0.01 py found for ferromagnetic YTiO; (/4).
The inverse susceptibility curves of the
phases GdTiO;—La¢3Gd, 7 TiO3 exhibit the
hyperbolic shape characteristic of a two-
sublattice ferrimagnet. Those of the 40%
and 50% La compounds follow the Curie-
Weiss law down to T, (Fig. 10). These data
were collected at an applied field of 1 T. At
this field strength, the anomaly in the low-
field M vs T curve of LaysGdgsTiO; disap-
pears. Assuming antiparallel alignment of
the ferromagnetically ordered Gd3* and
Ti** sublattices, this theory predicts x™! vs
T to fit a four-parameter hyperbola of the

form
T-6 ¢

X'="¢ "T-7@ (D

where C ™! is the limiting slope of the curve
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Fi1G. 10. Inverse susceptibility vs temperature for
the phases La,Gd,_.TiO; (x = 0, 0.02, 0.05, 0.1, 0.3,
0.4, 0.5). The data were collected at an applied field of
about 1 T.
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in the paramagnetic region and 6 is its inter-
cept. £ and 8’ are determined by the curva-
ture in the lower temperature region near
T.. From these four parameters, coupling
constants, vy, can be calculated indicating
the sign and relative magnitudes of the ex-
change interactions in the system (/5, /6)
(Table IID). As GdTiO; is doped with La,
the antiferromagnetic exchange between
the Ti** and Gd®* weakens as expected with
dilution of the magnetic rare earth sublat-
tice. The ferromagnetic Ti3*-Ti*" coupling
drops even more steeply with increasing La
concentration. This is consistent with the
predominance of antiferromagnetic ex-
change in the La-rich end of the series. The
Gd**-Gd?* interaction is small and positive
and does not vary systematically.

Assuming a colinear ferrimagnetic
model, the Curie constant for Ti®* in these
compounds can be derived from the slope
of x7! in the paramagnetic region (Table
I11). In all cases, C(Ti?*) is substantially re-
duced from the free ion value of 0.37. Un-
fortunately, these values are small with re-
spect to the estimated experimental error of
3%.

Conclusions

The magnetic behavior of the solid solu-
tions La,Gd,_,TiO3 may be summarized by
means of a magnetic phase diagram (Fig.
).

(I) LaTiO3—La, §Gdy1TiO4

The M vs T curves of these compounds
display a high-temperture anomaly most
likely corresponding to a canted antiferro-
magnetic ordering of the Ti®** sublattice.
The low-temperature magnetization data
imply antiferromagnetic exchange interac-
tions between the Gd3*t and Ti** ions, al-
though there is no evidence for magnetic
ordering of the Gd®* ions above 4.2K.
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FiGc. 11. Magnetic phase diagram for the system
La,Gd,_,TiOs. The critical temperature (T,) is plotted
on the vertical scale and the compositional parameter
(x) is plotted on the horizontal scale.

(II) LaogGd, 2TiO3—La o ¢Gd.TiO;

These compounds also exhibit a high-
temperature anomaly associated with or-
dering within the Ti®* sublattice. The shape
of the magnetization—temperature curve be-
low 20K is field dependent, perhaps indica-
tive of spin glass behavior.

(IIT) Lao sGd o sTiO3—La o 4Gd, 6TiOs

The Ti**-Ti** exchange most likely
changes sign in this composition range. x™*
data collected at 1 T for both compounds
follow the Curie-Weiss law down to the
low-temperature anomaly.

(1V) Lay 3Gd7TiO3—-GdTiO4

The inverse susceptibility data for these
phases can be fitted to a two-sublattice fer-
rimagnetic model. Analysis of the suscepti-
bility data on the molecular field model
yielded a Ti**-Ti** coupling constant
which showed a precipitous drop between
Lag 02Gdy e TiO; and Lag gsGdg g5 TiO3. As-
suming the two-sublattice ferrimagnetic
model, magnetic saturation measurements
at 4.2K yielded a full 1 ug Ti** moment for
the compositions La, ;Gdg oTiO3—GdTiO,.
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