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Different effects of Ce-doping on orbital and spin ordering in
perovskite vanadate Sm1−𝑥Ce𝑥VO3
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The effects of Ce-doping on the phase transition of the orbital/spin ordering (OO/SO) are studied through the struc-
tural, magnetic, and electrical transport measurements of perovskite vanadate Sm1−xCexVO3. The measurements of struc-
ture show that the cell volume decreases as x≤ 0.05, and then increases as Ce-doping level increases further. The OO state
exists but is suppressed progressively in the sample with x ≤ 0.2 and disappears as x > 0.2. The temperature at which the
C-type SO transition is present increases monotonically with Ce-doping level increasing. The temperature dependence of
resistivity for each of the samples shows a semiconducting transport behavior and the transport can be well described by
the thermal activation model. The activation energy first decreases as x ≤ 0.2, and then increases for further doping. The
obtained results are discussed in terms of the mixed-valent state of the doped-Ce ions.
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RVO3 (R = rare earth elements and Y) compounds have
been intensively studied because of their interesting proper-
ties, for example, magnetization reversal, electronic phase sep-
aration, and magnetic-field-induced switching between two
orbital ordered states, etc.[1–3] Each of those phenomena is
closely related to orbital/spin orderings (OO/SO), which thus
received a lot of attention. A lot of complex interactions and
factors are suggested to have influence on the formation of the
OO/SO state in vanadate materials, such as Jahn–Teller (JT)
coupling, superexchange interaction, covalency effect, orbital
fluctuations, random fields, etc.[4–8] Among those factors, the
orbital fluctuations and random fields are especially important.
Zhou et al.[5,6] pointed out that the enhanced orbital fluctu-
ations could cause a remarkable enhancement of the C-type
SO state (the temperature at which the C-type SO is present
increases considerably). Tung et al.[8] suggested that the ran-
dom fields might be one of the origins of the ferromagnetic
component and the magnetization reversal observed in antifer-
romagnets RVO3.

In RVO3 family, SmVO3 and CeVO3 are widely studied
due to their interesting OO and SO state. For SmVO3, the G-
type OO (GOO) state occurs in the cooling process at about
200 K (TOO), at which an alternating occupation of the dxz

and dyz orbitals is found along all three crystal axes. As tem-
perature decreases further, another ordering state (C-type SO)
appears at about 130 K (TSO), where the spins of the vana-
dium ions are antiferromagnetically arranged in ab plane but

ferromagnetically arranged along c direction.[2] As for CeVO3,
both the transition temperature and the sequence in which the
OO/SO is formed have been disputed.[9–12] The valence of Ce
ion in CeVO3 is found in the mixed-valent state of Ce3+ and
Ce4+, and the mixed-valent state may be the possible origin
of the anomalous properties observed in CeVO3 system. The
OO/SO state is sensitive to the ion substitution at the R-site.[13]

In order to further understand the influence of Ce valence state
on the physical properties in RVO3 system, we investigate the
effects of the Ce-doping on the OO/SO of perovskite SmVO3

in detail. Our results suggest that Ce-doping weakens the an-
tiferromagnetic (AFM) interaction of spins and suppresses the
GOO state, and the GOO in the system was destroyed as Ce-
doping level x > 0.2. All samples show thermal activation like
transport behavior and the sample with x = 0.2 has the min-
imum activation energy. These results are discussed in terms
of variation of the Ce3+/Ce4+ ratio, the Sm-site size difference
and random potential induced by the Ce-doping.

Polycrystalline samples Sm1−xCexVO3 (0≤ x ≤ 0.4) are
prepared by conventional solid-state reaction method. Ap-
propriate quantities of Sm2O3, V2O3, and CeO2 powders are
mixed, pelletized, and sealed in evacuated quartz tubes. The
quartz tubes are heated at 800 ◦C, 950 ◦C for 20 h, and
1100 ◦C for 60 h with intermediate grindings. Powder X-
ray diffraction (XRD) patterns are taken with Cu Kα (λ =

1.5406 Å, 1 Å = 0.1 nm) radiation using a Philips X′pert PRO
X-ray diffractometer at room temperature. The magnetization
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measurements are performed in a quantum design (QD) su-
perconducting quantum interference device (SQUID) system
(1.9 K≤ T ≤ 400 K, 0 T≤H ≤ 5 T). Electrical transport mea-
surements are carried out using the four-probe method on a
QD physical property measurement system (PPMS, 1.8 K≤
T ≤ 400 K, 0 T≤ H ≤ 9 T).
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Fig. 1. (color online) Room-temperature powder X-ray diffractions for
Sm1−xCexVO3 (0≤ x≤ 0.4) samples.
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Fig. 2. (color online) The experimental and Rietveld refinement XRD
patterns of Sm0.75Ce0.25VO3 sample. Upper inset: the refined cell vol-
ume as a function of Ce concentration x. Lower inset: the refined lattice
parameter a, b, and c each as a function of Ce doping level x.

Figure 1 shows the room-temperature XRD patterns of
Sm1−xCexVO3 (0 ≤ x ≤ 0.4) samples. All the diffraction
peaks could be indexed by the orthorhombic structure with
Pbnm space group and no detectable secondary phase exists.
The structural parameters of the samples are refined by the
standard Rietveld technique. As an example, figure 2 dis-
plays the experimental and Rietveld analysis XRD patterns
of Sm0.75Ce0.25VO3 sample. The obtained fitting parameters:
the lattice constant a, b, c, and the cell volume V , are plot-
ted each as a function of the Ce-doping level x in the insets
of Fig. 2. They show that both a, c, and V decrease first as
x ≤ 0.05, and then increase with Ce-doping level increasing,
while b decreases continuously in the whole Ce-doping range.
It should be noted that the variation of b parameter is very
small compared with those of a and c. The standard ionic radii

of Sm3+, Ce3+, and Ce4+ are 1.132 Å, 1.196 Å, and 0.97 Å,
respectively. According to the non-monotone variation of V
with the increase of Ce-doping level x, we suggest that lightly
doped Ce ions at Sm-site should mainly be in the form of Ce4+

as x ≤ 0.05. As Ce-doping level x > 0.05, both Ce3+ and
Ce4+ ions coexist in the sample and the concentration of Ce3+

ions increases monotonically with Ce-doping level increasing.
That is to say, Ce ions might be in a mixed-valent state in the
heavily Ce-doped samples.

Figure 3 shows the temperature dependences of the mag-
netization M(T ) curves for Sm1−xCexVO3 samples. The data
are collected under field-cooling (FC) mode at an applied field
of 0.1 T. All FC M(T ) curves show sharp upturns with tem-
perature decreasing at a certain temperature TSO, which corre-
sponds to the onset of the C-type SO.[13] The inset of Fig. 3
shows the curves of derivative of M(T ) near TSO. As shown
there, TSO increases monotonically with Ce-doping level in-
creasing. Figure 4 displays the curves of derivative of χ−1(T )
of Sm1−xCexVO3, and the inset shows the fitting results of
SmVO3 according to Curie–Weiss law. For the curves with
x ≤ 0.2, it can be found that there are evident slopes around
T = 200 K, which were previously reported as signs of the on-
set of the GOO as temperature decreases.[14,15] The appearance
of the slope could be attributed to the quench of the orbital
angular momentum when the GOO is formed.[16] As can be
seen from Fig. 4, the height of the slope becomes lower as the
Ce-doping level increases and almost disappears as x reaches
0.25. It means that Ce-doping can suppress the GOO state
in SmVO3 system and the GOO state almost disappears as
x > 0.2. The magnitude of d(χ−1(T ))/dT in the temperature
region above TOO increases slowly as temperature decreases
for samples with x > 0.2, which might be an indication of the
existence of mixed-valent Ce ions as mentioned previously.[17]

It should be noted that the substitution of Sm3+ ions by Ce3+

and Ce4+ is random, and the disorder will be induced in the
system. In the study of Eu1−x(La0.254Y0.746)xVO3, the size
differences in cation-site are increased intentionally and the re-
sult shows that GOO is suppressed obviously due to its quasi-
one-dimensional confinement.[18] It is also worth noting that a
similar phenomenon to disorder-induced melting of the long-
range OO state into the short-range correlation has been ob-
served in the hole-doped RVO3 system.[13] The size variance
could be defined as σ2 = ∑

i
(xir2

i − r2
av), where xi, ri, and rav

are the fractional occupancies, the effective ionic radius of
cation, and the averaged ionic radius. At x = 0.1, σ2 for
Sm1−xCexVO3 is 1.7×10−5 nm2 on the assumption that the
ratio of Ce3+/Ce4+ = 1, which has the same magnitude as that
for Nd0.9Sr0.1VO3.[13] So it is reasonable to infer that the Sm-
site size difference is the primary reason for the melting of the
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GOO in Sm1−xCexVO3, and in the slightly Ce-doped samples,
the disorder only exists in the discontinuous region around the
doped Ce ions, and it perhaps has short range correlation be-
fore the GOO state is completely destroyed.
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Fig. 3. (color online) Curves of FC magnetization versus temperature
with an applied field of H = 0.1 T for Sm1−xCexVO3. The inset shows
the curves of dM/dT versus T near TSO. The linear line is a guide for
the eye.
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Fig. 4. (color online) Curves of dχ−1/dT versus T of Sm1−xCexVO3.
The lines are guides for the eye. The inset shows the fitting results of
SmVO3 according to Curie–Weiss law. The unit 1 Oe=79.5775 A/m.

In order to analyze the variation of the magnetization
quantitatively with Ce-doping, all χ−1(T ) curves are fitted to
the Curie–Weiss law: χ−1(T ) = C/(T − θ), where C is the
Curie constant and θ is the Weiss temperature. The fitting
temperature range above and below TOO are marked as FR1

(216 K–276 K) and FR2 (155 K–180 K), respectively. The ob-
tained fitting parameters are listed in Table 1. It can be seen
that the value of Curie constant C decreases after the formation
of the GOO and the absolute values of θ obtained in both FR1

and FR2 range show the same decreasing tendencies. It means
that the orbital angular momentum is possibly quenched es-
sentially when the GOO is formed and the AFM interactions
in the samples are weakened progressively as Ce-doping level
increases.

Table 1. Fitting parameters obtained in different temperature ranges
according to the Curie–Weiss law: C1 and θ 1 in FR1; C2 and θ 2 in FR2.

x = 0 0.03 0.05 0.1 0.2 0.25 0.3 0.35 0.4
C1 2.69 2.56 2.53 2.55 2.30 2.28 2.25 2.22 2.22
C2 1.59 1.63 1.54 1.63 1.70

θ 1/K –576 –517 –532 –496 –421 –376 –358 –348 –323
θ 2/K –273 –262 –248 –247 –220 – – – –

Another evident characteristic in the M(T ) curve is the
shift of TSO towards higher temperature as the Ce-doping level
increases, implying the enhancement of the C-type SO state.
In the studying of HoVO3, Blake et al.[4] pointed out that the
JT coupling would be completely suppressed when the fluc-
tuations are strong and the total degeneracy of the dxz and
dyz orbitals remains below TOO. In our studied samples, the
gradual melting of the GOO state could be taken as a sign of
the suppression of JT coupling and orbital fluctuations are the
dominant force. Zhou et al.[5,16] have found that the orbital
fluctuations could enhance C-type SO through the studying of
Y1−xLaxVO3 and high-pressure effects in RVO3 system. So
we suggest that the enhancement of the C-type SO state in our
studied samples could also be attributed to the enhancement of
orbital fluctuations.
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Fig. 5. (color online) Magnetic hysteresis loops of Sm1−xCexVO3 sam-
ples at 5 K. The inset shows the Ce-doping level dependence of coercive
field HC.

Figure 5 shows the magnetic hysteresis loops of
Sm1−xCexVO3 samples at T = 5 K and the inset shows the
Ce-doping level dependence of coercive field (HC). It can be
seen that both the magnetic moment and HC increase as x in-
creases. Tung et al.[8] pointed out that the defects in the orbital
sector could generate random fields. As mentioned above, the
GOO state in the system is suppressed progressively with Ce-
doping level increasing. Accordingly, more and more random
fields are generated by faulty orbitals as x increases. When
the surrounding spins are parallel to the local random fields,
additional energy is needed to reverse these spins.[19] Conse-
quently, HC increases as x increases. On the other hand, the
perturbation of random fields may result in a local variation of
the AFM arrangement, meaning that the antiparallel spins can-
not counteract each other. Thus, AFM interactions are weak-
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ened and the magnetic moment is enhanced with Ce-doping
level increasing.

Figure 6 shows the temperature dependences of resistiv-
ity ρ(T ) for Sm1−xCexVO3 samples. In order to study the Ce-
doping effects on the transport properties of Sm1−xCexVO3,
all ρ(T ) curves are fitted by different transport mechanisms
and the thermal activation model is found to be the best one.
Generally, the thermally activated behavior can be presented
as ρ(T ) = ρ0 exp[Ea/(kBT )], where Ea, kB, and ρ0 are the
activation energy, Boltzmann constant, and residual resistiv-
ity, respectively. The fitting results are shown in the insets
of Fig. 6. It can be found that Ea decreases for x ≤ 0.2, and
then increases as Ce-doping level further increases. This phe-
nomenon might be related to the mixed-valent Ce ions. When
SmVO3 is slightly doped with Ce, the concentration ratio of
Ce3+ to Ce4+ ions is relatively small, and Ea decreases be-
cause of the effect of band filling. In the heavily Ce-doped
samples (x > 0.2), the concentration ratio of Ce3+ to Ce4+

ions increases, meaning that the charge carriers introduced by
Ce4+ become less and less. So the activation energy increases
as Ce-doping level further increases. Another important factor
for the increase of activation energy as x > 0.2 is the Sm-site
size difference. In the study of manganites, a similar phe-
nomenon has been found that cation-size differences can lo-
calize charges.[20] The minimum appearing at x = 0.2 for Ea is
consistent with the critical doping level where the GOO disap-
pears (see Fig. 4). It suggests that the electron scattering from
the on-site disorder potential can also account for the increase
of Ea for x > 0.2.
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Fig. 6. (color online) Temperature dependences of the resistivity for
Sm1−xCexVO3 compounds. Upper inset: lnρ(T ) versus 1000/T , the
linear lines represent the fitting results according to the thermal activa-
tion model. Lower inset: the Ce-doping level dependence of the activa-
tion energy Ea.

In conclusion, the effects of the Ce-doping on the struc-

tural, magnetic, and electrical transport properties of per-
ovskite vanadate Sm1−xCexVO3 are investigated. The cell vol-
ume decreases for x ≤ 0.05, and then increases, which is sug-
gested to be related to the mixed-valent state of Ce ions. With
Ce ions doped into the sample, the GOO state is obviously sup-
pressed and it almost disappears as x > 0.2. In contrast, TSO

shifts toward higher temperature with Ce-doping level increas-
ing, which is suggested to originate from the enhanced orbital
fluctuations. All samples show semiconducting transport be-
haviors and the transports can be well described by the thermal
activation model. The activation energy first decreases and
then increases with Ce-doping level increasing, and x = 0.2 is
the critical point for the activation energy. The obtained results
are explained in terms of the mixed-valent state of Ce ions and
random fields induced by Ce-doping.
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