
PHYSICAL REVIEW MATERIALS 5, 044402 (2021)

Evolution of ferromagnetism captured by magnetotransport in compressively
strained Sr1−xPbxRuO3 thin films
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A-site doping of SrRuO3 (SRO) has revealed that the evolution of ferromagnetism in SRO cannot be explained
only by the A-site ion radii. Recently, Pb2+ doping, which introduces a lone-pair-electrons on A-site, has been
found to weaken the ferromagnetism dramatically, indicating that a hybridization between Ru-4d and Pb-6s
orbitals would play an important role in this system. Here we perform magnetotransport measurements for single
crystalline Sr1−xPbxRuO3 (0 � x � 1) thin films grown on SrTiO3 (001) substrate for elucidating the change of
electronic structure and ferromagnetism. Sign inversion of AHE typically observed in SRO disappears as doping
Pb2+, indicating a relationship between Weyl points and Fermi energy as suggested in previously reported Ca
doped SRO system. Evidenced from longitudinal resistivity and Hall effect, ferromagnetic phase is weakened
rapidly and vanishes at x ≈ 0.6, which is in good agreement with bulk samples.
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I. INTRODUCTION

Transition metal (TM) perovskite oxide (ABO3) is a rich
platform of emergent physics because of the interplay among
the charge, orbital, and spin degrees of freedom of electrons.
In the 3d perovskite system, it is well known that the physical
properties, such as magnetism and conductivity, are highly
dependent on the bandwidth and filling of orbitals, which con-
trol the transfer integral and Coulomb interaction of electrons.
For example, properties of LnNiO3 (Ln: lanthanoid) can be
well explained as a function of bandwidth. By changing A-site
from Lu to La, the properties vary from antiferromagnetic
insulator to metal. The main reason for this variation is the
ion radii of A-site which affect the Ni-O-Ni bond angle and
thus change the bandwidth [1].

In the 4d perovskite system, on the other hand, the well-
established trend of physical properties for rather localized
electrons in 3d TM cannot be readily applied because of the
itinerant electrons originating from more extended 4d orbitals.
One typical example is SrRuO3 (SRO), which is understood
as a typical itinerant ferromagnetic (FM) oxide with magnetic
transition temperature (TC) of 160 K. Perovskite ruthenates
(ARuO3) with the same Ru4+ ion as SRO, CaRuO3 (CRO),
and BaRuO3 (BRO) are widely studied as well. Comparing
these three compounds, since all of Ca2+ (1.34 Å), Sr2+

(1.44 Å), and Ba2+ (1.61 Å) have closed shell electron con-
figuration, ion radii, which determine the distortion of RuO6

octahedra and thus vary the bandwidth, may be regarded as
the decisive factor to affect the FM state in ARuO3. However,
in the series of Ba2+ and Ca2+ doping into SRO, SRO has
the highest TC; meanwhile, CRO is paramagnetic and BRO
is FM with TC of 80 K, indicating the FM phase cannot be

*Corresponding: zhang@kwsk.t.u-tokyo.ac.jp

explained simply by ion radii [2], as discussed later in Fig. 6.
Jin et al. has experimentally studied the reason for suppression
of the FM phase [3]. Besides the ion radii, they suggest that the
local stress effect on Ru-O bond may play a significant role.
In Ca and Ba doping, compressive and stretching stress are
observed, respectively, both of which results in a lower TC. In
addition, an unconventional anomalous Hall effect (AHE) is
observed for SRO, which is not proportional to magnetization
accompanied with sign inversion. From this behavior, the role
of Weyl points, which are the crossing points of dispersion
curves, has been revealed as a source of topological Hall
effect [4].

Because of these interesting properties related to mag-
netism, A-site doping has been further examined to clarify the
origin and the structural dependence of the FM phase in SRO.
For smaller dopant, not only bulk polycrystalline samples but
also thin films of Sr1−xCaxRuO3 (SCRO) were synthesized
[5–9]. In thin film samples, due to the epitaxy technique,
it is easier to obtain a single crystalline sample which
is necessary to perform magnetotransport measurements,
enabling the discussion of modulation in electronic structure.
Interestingly, the sign inversion of AHE in SCRO shifts to
lower temperature as x increases and totally disappears at
x � 0.4, indicating a variance in its electronic structure [5].
However, for larger dopant, although bulk polycrystalline
samples were synthesized by high-pressure synthesis, cubic
perovskite phase of BRO is challenging to grow in thin-film
form because of the competition with a more stable hexagonal
phase [3,10]. Another possible option is Pb2+(1.49 Å) whose
ion radius is between those of Sr2+ and Ba2+. A series of
Sr1−xPbxRuO3 (SPRO) have already been studied in bulk
polycrystalline samples fabricated by high-pressure synthesis
[11]. Surprisingly, although Pb2+ is much smaller than Ba2+,
the FM phase diminishes more rapidly and disappears at about
x = 0.6, while BRO is FM metal as seen in Fig. 6(b). As a
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reason for this phenomena, the effect of lone-pair-electrons
in Pb2+, which is absent in Ba2+, was suggested to play a
significant role. Since only polycrystalline SPRO has been
synthesized so far, its magnetotransport properties have been
unknown. Because sign reversal of AHE has been observed in
SCRO, it is intriguing to examine how AHE evolves in SPRO
during a process of losing FM phase. In our pervious report,
we have already succeeded in fabricating PbRuO3 (PRO) epi-
taxial thin films on various substrates and observed a metallic
ground state with a possibly anti-FM fluctuation [12]. In this
report, in order to reveal the change in electronic and magnetic
properties in SPRO, we have fabricated whole series of single
crystalline SPRO thin films and performed magnetotransport
measurements.

II. EXPERIMENT

Series of single crystalline SPRO thin films were prepared
on SrTiO3 (STO) (001) substrates by pulsed laser deposition
(PLD). Several targets with x = 0.5 to 1 were prepared by
solid-state reaction using PbO, SrCO3, and RuO2 as starting
materials. Nominal compositions of the powders (0.5 � x �
1) were mixed, milled, and calcined for 12 h at 800◦C. Then,
the products were milled again, pressed to pellets, and sintered
for 24 h at 1100◦C. The structural properties of the targets
were characterized by powder XRD, confirming that a mix-
ture of pyrochlore Pb2Ru2O6.5 and perovskite SrRuO3 was
formed. A commercialized sintered target (Toshima Co. Ltd.)
was employed for SRO (x = 0). Before deposition, STO sub-
strate was annealed in situ at 950◦C under 10−5 Torr oxygen
to obtain a clear step-terrace structure with single-unit-cell
height. For SPRO films (0 < x � 1), the deposition was con-
ducted at a substrate temperature of 450◦C and an oxygen
pressure of 0.1 mTorr. KrF excimer laser (λ = 248 nm) with
a pulse frequency of 1 Hz and fluence of ≈2 J/cm2 were
employed to ablate the targets. The growth conditions are the
same as those for PRO, since PRO is a metastable phase and
its growth condition is more rigorous than that of SRO [12].
SRO film (x = 0) was grown under the previously reported
conditions [13].

Structural properties of the samples were characterized by
x ray diffraction (XRD) (Smart Lab, Rigaku) at room temper-
ature. XRD measurements confirmed that, in present study,
thicknesses of the doped films (0 < x < 1) ranged from 12 to
17 nm, and those for SRO (x = 0) and PRO (x = 1) film are 26
and 7 nm, respectively. Reciprocal space mappings (RSM) en-
sured that all films were coherently grown and in-plane lattice
constant was identical to that of STO substrate. Together with
2θ -ω scans along [001] direction of STO, which are discussed
later, all films were proved to have a pseudocubic structure.

Magnetotransport measurements were performed by a 9 T
superconducting magnet equipped with a liquid He cryostat
(PPMS, Quantum Design Co.). The films were cut into a
rectangular shape with a typical size of 2 × 5 mm2, and alu-
minum wire was attached to the films at six points to obtain
longitudinal (ρxx) and Hall (ρyx) resistivities by four-terminal
measurements. Magnetic field was applied perpendicularly to
the film; ρxx and ρyx are deduced by a conventional sym-
metrization and antisymmetrization procedures, respectively.

III. RESULTS AND DISCUSSION

Magnified XRD 2θ -ω scans around (002) (pseudocubic
setting) peak of SPRO thin films are presented in Fig. 1(a),
where the (002) peaks of SPRO films are indicated by tri-
angles, and they shift from low to high 2θ angle as Pb
concentration in the target decreases. In Fig. 1(b), lattice con-
stants of CRO, SRO, PRO (pseudo-cubic settings), BRO, and
STO are presented for a better understanding of the epitax-
ial relationship of representative perovskite ruthenates [2,11].
Because lattice constants of SPRO are larger than that of
STO substrate, all the samples in this study are grown under
compressive strain.

Then, we discuss the composition of the films. Since per-
ovskite PRO is a metastable phase and chemically unstable
and PbO has high vapor pressure, SRO would be preferen-
tially crystalized even by using the SPRO targets. In addition,
as we have already reported [12], the growth window of
PRO is quite narrow. Therefore, only a slight deviation in
growth temperature may lead to the significant deficiency
of Pb, especially under coexistence of Sr. Hence, a differ-
ence between nominal target composition and actual film
composition should be examined. In order to estimate the
actual composition of the films, we have performed an energy
dispersive x ray spectroscopy with scanning electron micro-
scope (SEM-EDX), for which the electron beam is parallel to
the surface normal. Because STO substrate is employed, the
Pb/Sr ratio cannot be directly measured by SEM-EDX in this
configuration. However, assuming that the A- and B-site cation
ratio is unity, the Pb/Ru ratio can be estimated. The result of
composition with lattice constant is shown in Fig. 1(c). This
clearly indicates that the actual Pb concentration in the films
is much less than the nominal target compositions. Because
all the films are fully strained on the STO substrates, we can
also deduce out-of-plane lattice constants with Vegard’s law,
as shown in Fig. 1(c). One can see the general tendency that
the lattice constants are bigger than those calculated from
Vegard’s law. This might be explained by lattice expansion
originating from off-stoichiometry or oxygen deficiency, but
these are challenging to distinguish in this study. Summa-
rizing above, although it is difficult to obtain the accurate
composition of the films, we have confirmed that Pb doping
concentration x systematically varies from 0 to 1. Therefore,
each sample is annotated by the chemical composition de-
duced from SEM-EDX hereinafter.

As presented in Figs. 2(a) and 2(b), all the films have the
same order of ρxx at 300 K and ρxx exhibits metallic temper-
ature dependence down to 2 K. In Fig. 2(a), kinks in ρxx-T
curves are observed for x � 0.33 films, which conventionally
appear in FM materials at TC. The magnetic transition is more
clearly seen in the temperature derivative of ρxx presented
in Fig. 2(c): TC = 136, 128, 123, 73, and 68 K for x =
0, 0.06, 0.11, 0.24, and 0.33, respectively. It is clear that TC

decreases as Pb concentration increases. From these results,
films with x � 0.33 are suggested to be FM. In addition, as
we will discuss later, from AHE, x = 0.42 and 0.63 films are
also suggested to be FM with TC ≈35 and 4 K, respectively.

Now, we discuss the magnetotransport properties of SPRO
films. Hereinafter, we refer to x = 0.06, 0.11 as light doped
samples; x = 0.24, 0.33, and 0.42 as middle doped samples;
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FIG. 1. (a) The XRD 2θ -ω scans of Sr1−xPbxRuO3 films grown on STO (001) substrates around pseudocubic (002) peak. Peaks of STO
and films are indicated by an asterisk and triangles, respectively. (b) Comparison of pseudocubic lattice constants of CRO, SRO, PbRuO3,
BRO, with STO substrate [2,11]. (c) Out-of-plane lattice constant taken from (002)pc peak as a function of the Pb concentration x deduced
by SEM-EDX analysis. The Vegard’s law, interpolated between the data for SRO taken from [19] and PbRuO3 from this work, is indicated
with the broken line. Pseudocubic lattice constants (black circles) for SRO [20] and PbRuO3 [21] bulk crystals, which are calculated from
apseudocubic = (Vortho/4)1/3, are also shown.

x = 0.63 as heavy doped sample. In Figs. 3 and 4, those
groups are distinguished by open circles, open circles with a
cross inside, and closed circle symbols, respectively.

Temperature dependence of the magnetoresistance (MR)
ratio at B = 9 T {[ρxx(9 T)/ρxx(0) − 1] × 100}, presented in
Fig. 3, also supports the decay of FM as x increases. One
can see that samples with x � 0.42 show minima in MRR,
as indicated by triangles, at the temperature slightly above
the TC deduced from ρxx-T . This kind of minima is generally
observed in FM materials. When it is close to the FM phase
transition, magnetic field can induce a FM order, resulting in
suppression of spin fluctuation, which leads to less magnetic
scattering on conduction electrons and stronger negative MR.
Therefore, the minima in Fig. 3 suggests the presence of
FM phase in x � 0.42 samples and the shift of the minima
indicating that Pb doping weaken the FM. On the other hand,
heavy doped sample (x = 0.63) shows almost indiscernible
MR as PRO, indicating that FM phase almost disappears.

Next, we discuss the Hall effect, which contains the in-
formation about carrier density and magnetic properties. The
magnetic field dependence of Hall resistivity is presented in
Fig. 4. Here, we show representative data of x = 0.06 for light

doped sample, x = 0.42 for middle doped sample, x = 0.63
for heavy doped sample, and x = 1 for PRO. To evaluate the
ρyx-B curves, we separate Hall effect into ordinary Hall effect
(OHE) and AHE. Generally, ρyx can be expressed as

ρyx = RHB + ρAHE. (1)

The first term corresponds to the ordinary Hall term, and
the second term is the anomalous Hall term that is generally
proportional to magnetization (M). From Eq. (1), the Hall
resistivity is supposed to be proportional to B at high magnetic
field where M saturates. However, in perovskite ruthenates,
such as SCRO [8], ρyx is not linear even at 9 T. In our SPRO
films, the high field Hall effect resistivity is not totally pro-
portional to B, either. Therefore, in order to discuss the trend
of the ρyx-B curves qualitatively, we deduce RH by a linear
fitting of ρyx-B curves between B = 7 and 9 T. On the other
hand, the value of ρyx at B = 0 T, where the contribution of
OHE is 0, is employed for the evaluation of anomalous Hall
resistivity (ρAHE). It should be noted that, under this definition,
only AHE originating from the FM phase can lead to nonzero
ρyx at B = 0 T as a result of FM spontaneous magnetization.
Here, in order to evaluate AHE, we employed the anomalous
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Hall angle, which is defined as

σAHE/σxx = ρAHE × ρxx/
(
ρ2

AHE + ρ2
xx

)
. (2)

Temperature dependence of Hall coefficient RH and
anomalous Hall angle is presented in Figs. 5(a) and 5(b),
respectively. In Fig. 5(a), SRO (x = 0) shows a peak and a sign
change above TC. Similar structures are observed for x � 0.42
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FIG. 3. Temperature dependence of MRR at B = 9 T for the
series of Sr1−xPbxRuO3 films. Minima of each curve are indicated
by triangles. TC for each sample are indicated by dashed lines in
corresponding colors.

samples around their TC, indicating a correlation with FM
phase as reported in SRO [14]. Since the information of carrier
density can be obtained from RH, they suggested a coexistence
of two types of carriers, the so-called multicarrier behavior, in
SRO. Assuming the presence of multiband near Fermi energy,
a band splitting originating from FM phase may account for
the sign inversion of RH.

In Fig. 5(b), SRO (x = 0) and light doped samples (x �
0.11) show a sign change of AHE below TC, which is absent
in middle doped samples (x = 0.24, 0.33, 0.42). Interestingly,
these behaviors in AHE are similar to those in SCRO thin
films as reported by Mathieu et al. [5]. By assuming the
presence of band crossing, the so-called Weyl point [15],
they utilized first-principle calculation to successfully repro-
duce the nonmonotonous and nontrivial relationship between
anomalous Hall conductivity and M. According to their the-
ory, the Berry phase originating from Weyl points plays an
essential role in sign inversion of AHE [16]. In the FM state,
when M changes, the Fermi energy crosses Weyl points, and
the Berry phase contributes to AHE and results in sign in-
version. In our SPRO films, it is supposed to have a similar
relationship between them. When Pb doped, the saturate M is
suppressed, and the sign inversion disappears consequently as
in the case of SCRO.

Furthermore, from the Hall effect, the information about
magnetic transition can be deduced. As mentioned earlier,
AHE is generally proportional to M. Therefore, hysteresis
loops in magnetic field dependence of ρyx is evidence of a FM
phase. TC can be determined by the temperature at where the
hysteresis loop is observed for the first time when decreasing
the temperature. For example, in Fig. 4(b), the hysteresis loop
appears at T = 30 K, indicating that TC is between T = 30
and 40 K. TC deduced from the Hall effect is shown in Fig. 6(a)
with a comparison of those deduced from kink in ρxx-T . From
Fig. 6(a), TC deduced from the Hall effect and ρxx-T are
always consistent. This guarantees the validity of TC deduced
from ρxx-T curves in Fig. 2(a). For x = 0.42 and 0.63 sam-
ples, although kink is not observed in ρxx-T , hysteresis loops
in ρyx are observed under T = 30 and 3 K, respectively, which
prove the existence of the FM phase. It will be worth men-
tioning that ρyx shows nonlinear magnetic field dependence
even above TC determined by our manner, although it does
not have hysteresis at that temperature region. This kind of
behavior has been reported in previous studies and possibly
originates from multiband effect. Yet, TC determined by M-T
measurements shows good agreement with the temperature at
which ρyx starts to exhibit hysteresis [8]. Therefore, our way
of determining TC will be pretty reasonable.

Finally, we review a phase diagram of A-site doped SRO
system (Sr1−xAxRuO3: A = Ca2+, Pb2+, and Ba2+) as shown
in Fig. 6(b). Here, bulk and film samples [on STO (001)
substrate] for Ca and Pb doped and bulk samples for Ba doped
SRO are shown [2,6,17]. In bulk samples, starting from SRO
with the highest TC of 160 K, A-site doping results in reduction
of TC regardless of the ionic radii of the dopants. We remind
that the ion radii of Ca2+, Sr2+, Pb2+, and Ba2+ are 1.34 Å,
1.44 Å, 1.49 Å, and 1.61 Å, respectively. Among these three
dopants (Ca2+, Pb2+, and Ba2+), Pb2+ has the closest ion
radius to Sr2+, thus we can naturally expect that the Pb doping
effect will be less effective than others if only ionic radii are
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considered. In Pb2+ doped samples, however, the FM phase
disappears at about x ≈ 0.6. This has been explained by the
unique electron configuration of Pb2+, namely, the presence
of a lone-pair electrons on 6s orbital. These 6s lone-pair
electrons hybridize with Ru-4d orbit, introducing a further
distortion in RuO6 octahedra, leading to the disappearance of
the FM phase [11,18].

Then, we compare bulk and our film of SPRO samples.
In our thin film samples, from Fig. 4(b), AHE in the x = 0.63
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sample is negligibly small, indicating this sample is very close
to critical point. Considering our experiment accuracy, it is in
good agreement with the phase boundary of x ≈ 0.6 which
has been reported in bulk samples [11]. Meanwhile, TC of
films is always lower than those of bulk samples for similar
doping level x. This is clearly different from SCRO samples.
TC for film samples is lower than that of bulk samples at lower
doping level, but it becomes higher at higher doping level.
This can be explained in terms of lattice distortion arising
from the compressive epitaxial strain as already shown in
Fig. 1(b). As theoretically suggested by Lu et al. [18], when
Pb is doped into SRO, the reduction of TC is partly ascribed
to the Jahn-Teller distortion. According to their calculation,
the ab-plane of RuO6 octahedra is compressed by Pb doping,
and the 4d4 electrons of Ru4+ tend to fully occupy doubly
degenerated lower dzx and dyz orbitals, which lead to a less
magnetic moment and hence weaken the FM phase. There-
fore, the compressive strain in our films can be the origin of
the reduction of TC. On the other hand, in the case of SCRO,
the crossover occurs at x ≈ 0.6, where the lattice constant
becomes identical to that of STO substrate and hence the
epitaxial strain changes from compressive to tensile.

In conclusion, we have fabricated single crystalline SPRO
thin films by PLD to investigate magnetotransport properties.
Evidenced by both longitudinal and Hall resistivities, evolu-
tion of the FM phase is observed. The FM phase disappears
at x ≈ 0.6 while TC is always lower than that of bulk samples,
which plausibly originates from compressive strain from STO
substrate. Sign reversal of anomalous Hall conductivity is
suppressed by increasing the doping level as in the case of
previously reported SCRO. These findings will endow per-
ovskite ruthenates, which have been gathering attention for
decades, with further controllability of their properties and
functionalities.
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