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expansion anomaly of cubic CeTiO3
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Lanthanum-based LnBO3 perovskite oxides have demonstrated fascinating magnetic properties and spin–

lattice coupling. In this work, we report an unusual thermal expansion anomaly coupled with the magnetic

ordering in the cubic CeTiO3 with the vacancy of Ce ions. The magnetic behaviors and lattice thermal

expansion at low temperature were systematically investigated using the temperature dependence of the

magnetization measurements and low temperature X-ray powder diffraction. It is clearly revealed that

there are two magnetic transitions in the cubic CeTiO3 from 5 to 350 K: one is a magnetic ordering–

disordering transition at 300 K and the other one might be a change of the magnetic component near

32 K. Both the magnetization and hysteresis change correspondingly upon cooling. Intriguingly, a lattice

thermal expansion anomaly is found below the magnetic ordering temperature, which indicates a strong

coupling of spin and lattice, i.e., a magnetovolume effect (MVE). Our findings provide the possibility of

adjusting thermal expansion behavior and magnetic properties by introducing a vacancy of Ln atoms in

lanthanum-based perovskite oxides.
Introduction

Lanthanum LnBO3-based perovskite oxides have demonstrated
fascinating performances in ionic conductivity,1 photo-
electricity,2 catalysis,3 ferroelectric and magnetism.4,5 By
adjusting the chemical composition appropriately, the crystal
structure together with charge and electronic structure can be
facilely manipulated, which triggers the lattice distortions of
BO6-octahedra and engineers the unusual physical properties.6,7

For instance, giant magnetoresistance effects emerge in
Ln1�xCaxMnO3,8,9 Ln1�xSrxMnO3 (ref. 10) and Ln1�xBaxMnO3

solid solutions.11 Although the origin of the magnetoresistance
has remained controversial to date, the superexchange inter-
action, i.e., transformation from Mn3+ to Mn4+, will emerge in
Mn3+–O2�–Mn4+ linkage under a magnetic ordering state.12,13

The itinerant electron is sensitive to the applied magnetic eld
and the resistance can be tuned accordingly in these
materials.14,15

The magnetism of LnTiO3 perovskite oxides is always
restricted to low temperature, generally less than 200 K. Ideal
CeTiO3 shows an orthorhombic symmetry (space group: Pnma).
The oxygen non-stoichiometry (i.e. deciency and excess) can
bring about the change of the charges of Ce and Ti, which may
ring, University of Science and Technology
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ogy Co, Ltd, Jiangsu, 215300, China

the Royal Society of Chemistry
induce intriguing physical properties. In our previous work, an
unconventional cubic CeTiO3 sample (space group: Fd�3m) was
synthesized by sol–gel method (Fig. 1).16 The cation Ce
Fig. 1 Crystal structure of cubic CeTiO3 compound with the vacancy
of Ce ions.
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coordinates with 12 O anions and Ti coordinates with 6 anions.
The structure shows obvious vacancy of Ce ions and is stable
with temperature. The unusual weak magnetic state persists up
to 400 K, which is very rare for Ce–Ti–O perovskites.17,18 The
magnetic behavior might be different at low temperature, but
remains poor knowledge. This inspires us to investigate the
magnetic behavior with respective to temperature.

Here, we carry out temperature dependence of magnetiza-
tion measurements and low temperature X-ray powder
Fig. 2 Magnetization vs. applied magnetic field (M–H) curve of CeTiO3

17006 | RSC Adv., 2022, 12, 17005–17011
diffraction to systematically study the magnetic behaviors and
lattice thermal expansion at low temperature. It is clearly
revealed that magnetic ordering emerges upon cooling down to
300 K and the hysteresis become larger as the magnetic
component changes. Intriguingly, lattice thermal expansion
anomaly is found below magnetic ordering temperature, which
indicates a strong coupling of spin and lattice, i.e., magneto-
volume effect (MVE). This work gives a good example of
measured at 300 K with variable maximum of magnetic fields.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Temperature dependence of magnetization curves for CerTiO3

under zero field cooling and field cooling (ZFC–FC) with constant field
of 1000 Oe from 5 to 350 K. The arrows indicate there might be
magnetic transition at that temperature.

Fig. 5 Magnetization vs. appliedmagnetic field (M–H) curve of CeTiO3

measured at 50 K, 100 K and 150 K, respectively.
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exploring unusual magnetic behaviors in LnBO3-based perov-
skite oxides.
Experimental

Cerium oxide, CeTiO3, was prepared by using sol–gel
methods.19,20 The details are as follows: The 10 mL water was
added by mixing 6.8 mL of tetrabutyl titanate and 10 mL of
glacial acetic acid, and added to the above solution under
strong stirring to obtain a clear Ti precursor solution. Ti
precursor solution was taken, rare earth nitrate solution of
1.64 g was added to the corresponding stoichiometry, and
4mol L�1 citric acid aqueous solution of 3mL was nally added.
As the evaporation continues with stirring, the solution gradu-
ally precipitates and becomes a gel subsequently. The gel was
Fig. 4 Magnetization vs. appliedmagnetic field (M–H) curve of CeTiO3

measured at 5 K and 50 K, respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
dried at 120 �C for 12 h, to obtain a foam-loose porous dry gel.
Aer grinding, the powder was placed in the rover furnace for
2 h at 200 �C to remove the organic crosslinking, then raised to
400 �C in an air atmosphere and maintained for 2 h, and then
800 �C for 4 h, cooling with the furnace, grinding to be used.

The magnetization vs. applied magnetic eld (M–H) curves
were measured using physical property measurement system
(PPMS) (Quantum Design, Inc., USA) from 5 to 400 K. The
maximum magnetic eld was from �50 to 50 kOe. The
magnetization vs. temperature (M–T) curves were measured
under zero eld cooling and eld cooling (ZFC–FC) with H ¼
1000 Oe from 5 to 350 K. The warming rate was 5 �C min�1.
Temperature dependence of XRD data were measured on
Fig. 6 Magnetization vs. appliedmagnetic field (M–H) curve of CeTiO3

measured from 150 to 400 K.

RSC Adv., 2022, 12, 17005–17011 | 17007
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Fig. 7 Temperature dependence of XRD patterns from 123 to 298 K
for the CeTiO3.
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a PANalytical diffractometer (Cu Ka, l ¼ 1.5406 Å) from�150 to
700 �C with the scanning rate of 4� min�1. In order to stabilize
the temperature, the warming rate was 5 �C min�1 and the
waiting time is 5 min at each temperature. All the Rietveld
Fig. 8 (a) Rietveld refinements of XRD patterns at 123 K, (b) 173 K (c) 22

17008 | RSC Adv., 2022, 12, 17005–17011
renements of the XRD data were performed on FULLPROF
package.21
Results and discussions

As shown in Fig. 2, theM–H curves of CeTiO3 measured at 300 K
with different magnetic elds. It is clearly observed that weak
ferromagnetic-like (FM-like) state occurs for CeTiO3 at 300 K.
However, the magnetization increases monotonously as the
magnetic eld increases up to 50 kOe. There is negligible
change of magnetization such as metamagnetic transition in
these threeM–H curves, indicating the magnetic state of CeTiO3

at 300 K might be a combination of FM and paramagnetic (PM)
state and the FM state could be stronger upon cooling.22,23

Fig. 3 shows that the temperature dependence of magneti-
zation curves were measured under applied magnetic eld of
1000 Oe under zero eld cooling and eld cooling (ZFC–FC)
from 5 to 350 K. The separation can be seen in ZFC–FC curves
near 300 K and the M–H curves, indicating there is an obvious
magnetic ordering transition from FM-like to PM near 300 K.24,25

As the temperature decreases, the magnetization increases at
rst and then decreases subsequently. A maximum is observed
near 150 K in M–T curves. No abrupt change emerges near this
temperature range, which implies the maximum might be
3 K and (d) 298 K, respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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derived from the change of magnetic component. More inter-
estingly below 150 K, the separation become more prominent
between ZFC and FC, this means the magnetic ordering can be
adjusted by magnetic eld, which implies some antiferromag-
netic (AFM) state might emerge below 150 K. Thereby, the total
magnetization is thus weakened.26 Intriguingly, an unusual
magnetic behavior occurs below 32 K in ZFC and FC curves. The
magnetization increases quickly in both ZFC and FC curves,
demonstrating an intrinsic magnetic transition at 32 K. The
increase of magnetization shows the positive exchange inter-
action may become stronger below 32 K, inconsistent with that
above 32 K.27

To better understand the complicated magnetic evolution of
the CeTiO3, the isothermal magnetization vs.magnetic eld (M–

H) curves were measured from 5 to 400 K. As shown in Fig. 4, the
M–H curves at 5 K and 50 K are plotted from �20 to 20 kOe,
respectively. Notably, the congurations of theM–H at these two
temperatures show little difference whereas the saturation
magnetization changes remarkably. For example, the magneti-
zation at 20 kOe is about 0.14 emu g�1 for 5 K and decreases
near a half for 50 K (�0.08 emu g�1), in good agreement with the
Fig. 9 Temperature dependence of lattice parameter a and unit cell vo
magnetic contribution on the lattice.

© 2022 The Author(s). Published by the Royal Society of Chemistry
M–T curves. To enlarge the region of M–H curves at low
magnetic eld from�5 to 5 kOe (the inset of Fig. 4), the distinct
hysteresis and coercivity are observed in both 5 and 50 K.
Interestingly, the coercivity of 5 K is smaller than that of 50 K,
which indicates the magnetism is soened at 5 K. The FM-like
state turns to dominate and the saturation magnetization
increases accordingly. The apparent change of M–H curves can
be attributed to the variable exchange interaction for the
CeTiO3.

TheM–H curves at 50 K, 100 K and 150 K are shown in Fig. 5
from �20 to 20 kOe, respectively. Although the M–H curves are
almost identical, the saturation magnetization increase a little
from 50 to 150 K, consistent with the ZFC–FC curves. It should
be noticed that the hysteresis and coercivity dramatically vanish
at 100 K and 150 K, which demonstrate the magnetic compo-
nent is sensitive to the temperature and hence contributes to
the magnetization history. Upon heating, the saturation
magnetization decreases and the FM-like state is weakened
from 150 to 250 K (Fig. 6). The maximum is similar to that ofM–

T curves. A distinct change of M–H curves is determined
between 250 K and 300 K, which indicates the magnetic
lume V from 123 to 423 K for the CeTiO3. The shadow indicates the

RSC Adv., 2022, 12, 17005–17011 | 17009
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ordering becomes weak and the PM state emerges. Thereby, the
magnetism above 300 K might be owing to the short-range
ordering.28,29

The crystal structure at low temperature is studied by
temperature dependence of XRD patterns from 123 to 423 K. for
the CeTiO3. As shown in Fig. 7, the XRD patterns are of good
quality at each investigated temperature and no obvious change
is observed for the peak reections. Negligible change of peak
shapes indicates that the cubic phase is stable at low temper-
ature and there is no structural transformation upon cooling
down to 123 K. All the XRD patterns were rened by the Rietveld
renement to determine the detailed structural information, as
shown in Fig. 8. It clearly revealed that the crystal structure
shows good cubic symmetry at each temperature. The peak
intensities almost remain constant, which is well indexed into
the symmetry of Fd�3m with large vacancy of Ce ions.

Fig. 9 shows the temperature dependence of lattice param-
eter a and unit cell volume V from 123 to 423 K (Table 1).
Although the lattice parameters increase monotonously with
increasing temperature, there is an inection near 300 K.
Namely, positive thermal expansion (PTE) occurs over the entire
investigated temperature window but the coefficient of thermal
expansion (CTE) is different below 300 K. For example, average
CTE along a direction is about 11.2 � 10�6 K�1 (300–423 K) and
the CTEs of unit cell volume is 3 times as large as that of a axis,
33.8 � 10�6 K�1 (300–423 K). However, as temperature
decreases, the CTE decreases below 300 K gradually. The
average CTE along a direction is about 6.8 � 10�6 K�1 and that
of unit cell volume is about 20.4 � 10�6 K�1. A distinct decrease
of CTE is determined below 300 K, which indicates another
contribution on lattice might be emerge and compensate the
nominal PTE derived from phonon effects.30,31

The comparison of Fig. 9 and 3 shows the thermal expansion
anomaly exactly occurs over the magnetic ordering temperature
window. This implies the magnetic ordering intimately entan-
gles in the change of lattice thermal expansion below 300 K.
This historically terms magnetovolume effect (MVE), which
have been found in many magnetic materials since 1897.32 To
detect the MVE prominently, the nominal lattice thermal
Table 1 Lattice parameters of CeTiO3 from 123 K to 423 K

Temperature
(K) Lattice parameter a (Å) Unit cell volume V (Å3)

123 10.19719(19) 1060.331(34)
148 10.19864(20) 1060.782(35)
173 10.20022(20) 1061.275(36)
198 10.20217(20) 1061.884(36)
223 10.20411(20) 1062.491(37)
248 10.20578(20) 1063.011(36)
273 10.20744(21) 1063.531(38)
298 10.20905(16) 1064.036(29)
323 10.21123(16) 1064.717(29)
348 10.21416(18) 1065.635(32)
373 10.21715(18) 1066.569(33)
398 10.22012(20) 1067.500(36)
423 10.22256(21) 1068.266(38)

17010 | RSC Adv., 2022, 12, 17005–17011
expansion is calculated by theoretically estimated by using the
Debye equation that subtracts the magnetic contributions
(Fig. 9).33 It is noticed that the distinct MVE is observed below
300 K and increases gradually upon cooling. The MVE provides
a positive contribution on lattice parameters. As the magnetic
ordering is weakened, the MVE disappears and the abnormal
expansion is observed subsequently for CeTiO3. The further
investigation on this spin–lattice coupling could be carried out
by neutron powder diffraction in the future.

At 5 K, the saturation magnetization abruptly increases and
the hysteresis decreases a little. This indicates the 5d electron of
Ce ions might be less itinerant and the local moments of Ce
ions increases, which benets the FM ordering.34 Upon heating,
the itinerant electron is active and the magnetic exchange
interaction become more exible, generating magnetic
competition. Thereby, the magnetic hysteresis is enhanced and
saturation magnetization decreases. As the temperature
approaches 300 K, thermal perturbation favors the suppression
of magnetic ordering. Both magnetization and hysteresis will
vanish for CeTiO3. Such a complicated evolution of magnetic
transition is rare in Ce–Ti–O perovskite oxides.

Conclusion

To conclude, the magnetic behaviors and lattice thermal
expansion at low temperature were systematically investigated
by temperature dependence of magnetization measurements
and low temperature X-ray powder diffraction. It is clearly
revealed that there is two magnetic transition in the cubic
CeTiO3 from 5 to 350 K: one is magnetic ordering–disordering
transition at 300 K and the other one might be the change of
magnetic component near 32 K. The magnetization and
hysteresis can change correspondingly upon cooling. Intrigu-
ingly, lattice thermal expansion anomaly is found below
magnetic ordering temperature, which indicates a strong
coupling of spin and lattice, i.e., magnetovolume effect (MVE).
This work gives a good understanding of the unusual magnetic
behaviors of LnBO3-based perovskite oxides.
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