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ABSTRACT

We have prepared a set of polycrystalline samples of PbPd1�x�yFeyLixO2 (x ¼ 0, 0.01, 0.02, 0.03, and 0.04; y ¼ 0, 0.02, and 0.05) and have
measured synchrotron x-ray diffraction and magnetization systematically. We have found high-temperature ferromagnetism in Fe- and
Li-substituted samples and the largest magnetic moment of 0.023 μB per formula unit in PbPd0:93Fe0:05Li0:02O2. The ferromagnetism
survives at 700 K, and the Curie temperature will be far above 800 K. Although similar but controversial high-temperature ferromagnets
have been reported in many thin-film samples thus far, the discovered ferromagnetism is macroscopic in the sense that bulk samples stick
to a permanent magnet at room temperature. The Fe and Li dependence of the ferromagnetism is complicated, implying that the ferromag-
netism is truly unconventional.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0051283

I. INTRODUCTION

Ferromagnetism has devoted vital contributions to statistical
and condensed-matter physics.1 This is a prototypical phenomenon
for phase transitions, in which Curie and Weiss tried to understand
within classical electromagnetism on the assumption of a hypothet-
ical molecular field of tens of tesla. After the advent of quantum
mechanics, Heisenberg gave microscopic physical meaning to the
molecular field, and now, we regard this as an example of mean
field approximation. Landau and his collaborators constructed a
phenomenology for ferromagnetism, which is now taken as a first
description of symmetry breaking. Even nowadays, the ferromagne-
tism is still associated with central issues of condensed-matter
physics, such as multiferroics (coexistence with ferroelectricity),2

spintronics (spin-dependent transport),3,4 and spin calorinics
(cross-correlation with heat).5

Above all, ferromagnetic semiconductors6–10 occupy a special
position in the physics of ferromagnetism because (1) any free elec-
tron systems with low-electron density cannot be ferromagnetic
within conventional theories,11 and thus ferromagnetic semicon-
ductor may break a new ground in condensed-matter physics;
(2) ferromagnetism can be controlled by an external electric field
and optical absorption,12 as electric charge is similarly controlled

by such a impetus in conventional semiconductors; and (3) the
spin degree of freedom can be controlled to make more efficient
and more compact devices for information processing.13 Since
Ohno et al. discovered the ferromagnetic semiconductor (Ga,Mn)
As in 1996,14 many researchers have rushed into this area and syn-
thesized many ferromagnetic semiconductors.15,16 Unfortunately,
none of such materials have cleared the criterion proposed by
MacDonald et al.,17 and material’s development is still going on.

The layered palladium oxide PbPdO2 has been investigated
as a possible candidate for ferromagnetic semiconductor. This
oxide was first synthesized and identified by Meyer and
Müller-Buschbaum in the 1970s.18 The crystal structure of PbPdO2

is schematically shown in Fig. 1(c), where PdO4 square planes are
corner-shared to form the corrugated PdO2 plane. The PdO2

planes and the Pb layer alternately stack along the a-axis direction
to make a layered structure with orthorhombic space group Imma.
The transport properties have been measured rather recently by
Ozawa et al.19,20 They have found that the resistivity is metallic
around room temperature, takes a broad minimum around 90 K,
and shows an upturn toward 0 K. A positive thermopower of
100 μV/K and a positive Hall coefficient of 10�1 cm3=C at 300 K
indicate that PbPdO2 belongs to hole-doped degenerate
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semiconductor. After their measurement, Wang21 has theoretically
proposed a new electronic state called spin-gapless semiconductor in
Co-doped PbPdO2. According to his proposal, a high-temperature
ferromagnetic semiconductor can be designed, where holes and elec-
trons are fully polarized. Motivated by his prediction, many experi-
mental research studies using polycrystalline samples22–24 and film
samples25–29 have been carried out. However, no obvious experimen-
tal evidence for spin-gapless semiconductor has been confirmed.

We have studied palladium-based oxides to explore novel prop-
erties. Palladium oxides are known to have unique crystal structures
composed of the square planar PdO4 block.

30 The Pd ion is formally
divalent, and the electronic configuration is t62gd

2
z2 . Accordingly, one

can expect a small energy gap between dz2 and dx2�y2 .
31 Ichikawa

et al.32,33 reported that Li substitution for Pd in CaPd3O4 makes
p-type thermoelectric materials, and Bi substitution for Ca makes
n-type thermoelectric oxides. Shibasaki and Terasaki34 studied the
thermoelectric properties of the layered palladate R2PdO4 (R ¼ La,
Nd, Sm, and Gd). Terasaki et al.35 synthesized a solid solution of
CaPd3�xCuxO4, in which a unique three-dimensional CuO4

network is realized. Here, we report the magnetic properties of
PbPd1�x�yFeyLixO2 and find that the co-doping of Li and Fe turns
this oxide into a high-temperature ferromagnetic semiconductor.
This ferromagnetism is unprecedented and highly unconventional,
and we expect that it will pave a new way to ferromagnetism.

II. EXPERIMENTAL

A set of polycrystalline samples of PbPd1�x�yFeyLixO2 (x ¼ 0,
0.01, 0.02, 0.03, and 0.04; y ¼ 0, 0.02, and 0.05) were prepared with
the standard solid-state reaction method. Stoichiometric amounts of
high purity powders of PdO (99.9%), PbO (99.999%), Li2CO3 (99.9%),
and α�Fe2O3 (99.99%) were ground in an agate mortar with an agate
pestle and were pressed into pellets at 20MPa. The pellets were sin-
tered in Al2O3 flat crucibles for 48 h at 720 �C in air. As a reference,
another set of polycrystalline samples of Pb1�xAgxPd0:95Fe0:05O2

(x ¼ 0, 0.05, and 0.10) were prepared with the same procedure using
PdO (99.9%), PbO (99.999%), Ag2O (99.9%), and α�Fe2O3 (99.99%).
Since Li is difficult to detect in x-ray diffraction, we use the nominal
composition throughout this paper.

Synchrotron x-ray-diffraction (SXRD) data were collected with
a wavelength of 0.510 65 Å on an imaging plate using a large
Debye–Scherrer camera installed at BL02B2, SPring-8.36 A well-
ground polycrystalline sample was sealed into a glass capillary with
an internal diameter of 0.2 mm. Magnetization (M) was measured
using a SQUID susceptometer (Quantum Design, MPMS) with the
high-temperature option above 350 K. The temperature dependence
of the magnetization was measured in 0.1 T in a field-heating
process after zero-field cooling. The magnetization-field (M–H)
curves were taken in sweeping magnetic fields from �7 to 7 T. The
magnetic relaxation was recorded as a function of time after field
cooling at 0.1 T down to 10 K, followed by a rapid quench down to
0 T in 200 s.

III. RESULTS AND DISCUSSION

Figure 1(a) shows typical SXRD patterns for PbPd1�x�y

FeyLixO2 on a semi-log scale, where the baselines are properly
shifted for clarity. Almost all the diffraction peaks are indexed as
PbPdO2 except for a tiny trace of PbO as marked with ▿ and ▾,37

indicating that Fe and Li are successfully substituted for Pd.
The peak intensities of PbO impurity phase increase with Li con-
centration x. Lamontagne et al.38 synthesized PbPd1�xLixO2 and
reported that PbO appeared as impurity for x . 0:08. We will
discuss the relationship of the impurity fraction evaluated through
the Rietveld refinement to the intrinsic properties of this com-
pound below.

From the diffraction patterns, we obtain the lattice constants of
PbPdO2 to be a ¼ 9:433 Å, b ¼ 5:450 Å, and c ¼ 4:656 Å, which
are consistent with the literature.19,38 Figure 1(b) shows the relative
change in the lattice parameters plotted as a function of the Li
content x in PbPd0:95�xFe0:05LixO2. All the lattice constants system-
atically change with x, indicating that the Li ions are successfully
substituted. Since Liþ ion is much smaller (0.59 Å) than Pb2þ

(1.2 Å) ion, it unlikely enters the Pb site. Even if it entered, all the
lattice parameters would significantly decrease with x. This specula-
tion is inconsistent with Fig. 1(b). Lamontagne et al.38 discussed a
possibility that Li might have occupied the Pb site but came to the
conclusion that Li was unlikely to enter the Pb site from the bond-
valence sum analysis. Following their analysis, we also concluded
that Li was successfully substituted the Pd ion and also regarded that
the oxygen content was stoichiometric.

Figure 2(a) shows the magnetization-field curves of
PbPd0:95�xFe0:05LixO2 (x ¼ 0 and 0.02). For x ¼ 0:00, the

FIG. 1. (a) Synchrotron x-ray diffraction patterns of PbPd1�x�yFeyLixO2. The
values of x and y are indicated in the legend. Reflections from PbO are indi-
cated by open and close triangles (▿, ▾). (b) Relative change of the lattice con-
stants with the Li content in PbPd0:95�xFe0:05LixO2. The lattice parameters for
x ¼ 0 are given in the legend. (c) Crystal structure of PbPdO2.
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magnetization is linear in H at 300 K, showing that the x ¼ 0
sample (PbPd0:95Fe0:05O2) is paramagnetic, although 5% Fe ions
are introduced in the Pd site. At 2 K, the magnetization shows non-
linear behavior, which can be understood in terms of unwanted
magnetic impurity. As is written in textbooks,1,39 the magnetization

from dilute independent magnetic impurities Mimp is expressed by

Mimp ¼ nimpgμBJBJ
gμBJμ0H
kBT

� �
, (1)

where nimp is the impurity density, μB is the Bohr magneton, and
J is the total spin number of the impurity. BJ is the Brillouin func-
tion expressed by

BJ (x) ¼ 2J þ 1
2J

coth
2J þ 1
2J

x

� �
� 1
2J

coth
1
2J

x

� �
: (2)

Assuming J ¼ 5=2 and the g-factor of g ¼ 2, we find that
nimp ¼ 0:0011 explains the measurement data well, as shown by the
dotted curve. This means that around 0.11% of free Fe3þ ions per
formula unit are present in undetectable impurity phases. A similar
but simpler evaluation is to translate the 7-T magnetization into
the concentration of Fe3þ spins. A value of 5:5� 10�3 μB/f.u. corre-
sponds to 1:1� 10�3/f.u. for gJ ¼ 5μB. Although other possibilities
such as Fe2þ impurity phase cannot be ruled out, the correspond-
ing impurity concentration is as small as 0.1%. Such a small con-
centration is comparable with the purity of LiCO3 and PbO
powders. The Fe ions in impurity oxide phases usually exist as the
high-spin state, and the above estimation is most probable. At the
same time, it means that Fe ions incorporated in PbPdO2 behave
almost nonmagnetic, as is discussed later.

Most unexpectedly, the nonmagnetic Li substitution drives the
samples to be ferromagnetic. The saturation magnetization Ms is
clearly observed at 300 and 700 K for x ¼ 0:02, demonstrating
high-temperature ferromagnetism in this compound. No hysteresis
is visible, showing that this ferromagnet is soft with a tiny coercive
field (�4 mT). Ms at 300 K is around 0.023 μB per formula unit,
suggesting that 1.15 μB is generated per Li ion. At 700 K, Ms some-
what decreases, but the soft-magnet behavior remains intact even at
this high temperature. Owing to the experimental limitations, we
failed in measuring the transition temperature of this compound,
which must be far above 800 K. The carrier concentration is evaluated
to be 1� 1019 cm�3 from the Hall coefficient. This low value cannot
explain such high Cuire temperature from the Zener model.40

We should emphasize that the present study is the first and
unambiguous observation of ferromagnetism in PbPdO2-related
materials. Jung and the collaborators reported the non-linear M–H
at 2 K for samples doped with Co,22,23 Cu,24 and Zn,24 which may
come from free magnetic impurity as we discussed in
PbPd0:95Fe0:05O2. Su et al. showed high-temperature ferromagne-
tism in nano-grain film samples with Fe,28 Co,26 and Ni doping,29

but the magnetic signal was as small as 10�6 emu, in which a possi-
bility of unwanted contamination cannot be excluded as is similar
to other oxide ferromagnetic semiconductors.41 We emphasize that
this high-temperature ferromagnetism is observed in bulk samples,
and this large magnetization is macroscopic in the sense that
ceramic samples of PbPd0:93Fe0:05Li0:02O2 stick to a permanent
magnet at room temperature.

Figure 2(c) shows M=H for PbPd0:93Fe0:05Li0:02O2 in 0.1 T
plotted as a function of temperature in the field-cooling (FC)
process. The M=H data after the zero-field cooling are almost

FIG. 2. (a) Magnetization-field (M–H) curves for PbPd0:95�xFe0:05LixO2 (x ¼ 0
and 0.02) for various temperatures. The dotted curve represents the Brillouin
function for J ¼ 5=2 (see text). (b) Room temperature M–H curves for
PbPd1�x�yFeyLixO2. (c) Magnetization of PbPd0:93Fe0:05Li0:02O2 plotted as a
function of temperature in 0.1 T. The data were independently measured below
and above 350 K, in which the high-temperature data were normalized to the
low-temperature data. The solid curve represent the theoretical curve for molec-
ular field approximation with Tc ¼ 860 K. The inset shows the magnetization
relaxation taken at 10 K after a field cooling of 0.1 T.
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identical to the FC data owing to the soft magnetic nature (not
shown). For the high-temperature measurement above 350 K, we
used the high-temperature measurement option in MPMS. The
high-temperature data were normalized to the low-temperature
data to be connected smoothly. As we saw in the M–H curve in
Fig. 2(a), the sample shows a large magnetization at 700 K and con-
tinues to show a large signal up to 800 K. We notice that the tem-
perature dependence is more moderate than the prediction from
the molecular field approximation. The solid curve represents the
magnetization calculated from the molecular field approximation
with Tc ¼ 860 K, but it cannot explain the observed data well. This
suggests that the observed ferromagnetism should arise from
unconventional origin. This gradual growth of the magnetization
may come from ferromagnetic nano-size impurities distributed
inhomogeneously with a wide variation of the Curie temperature.
We can exclude such possibilities by looking at the M–H curves in
Fig. 2(a). If inhomogeneous nano-size impurities were present, the
magnetization would not saturate at a small field of �0:1 T and
continue to increase with H.

The inset in Fig. 2(c) shows the magnetization relaxation at
10 K. The sample was cooled down in 0.1 T from 300 K, and the
field was quenched at a speed of 5� 10�4 T/s at 10 K. As seen in
this figure, the large magnetization stays constant, or even slightly
increases, excluding a possibility of superparamagnetism or
spin-glass-like state. We note that the coercive field (�4 mT) is
small but almost independent of temperature, which is difficult to
explain from simple superparamagnetism. We do not understand
the slight increase of the magnetization, and suffice it to say that
this may come from the imperfect experimental condition that the
sample was not heated up above Tc.

The ferromagnetism shows complicated composition depen-
dence. Figure 2(b) shows the room temperature magnetization for
various samples. All the data obviously show soft-magnet-like field
dependence, indicating that all the samples are ferromagnetic at
room temperature. Ms for y ¼ 0:05 increases with the Li content
from x ¼ 0:01 to 0.02, and then turns to decrease from 0.02 to
0.04. As was shown in Fig. 1(a), the PbO impurity increased with
x. If the ferromagnetic behavior were due to impurities, the satura-
tion magnetization would increase with x. Ms of x ¼ 0:01 for
y ¼ 0:02 is much smaller than Ms of x ¼ 0:01 for y ¼ 0:05. This
indicates that proper contents of Fe and Li ions are indispensable
to the high-temperature ferromagnetism.

Let us discuss a possibility that the high-temperature ferromag-
netism observed in the present samples might have come from
unwanted impurity phases. We pay a special attention to the rela-
tionship of the impurity fraction to the saturation magnetization, for
our sample includes a tiny fraction of PbO impurities. Figure 3(a)
shows the x-ray diffraction patterns of PbPd0:90Fe0:05Li0:05O2 on a
linear scale, in order to clearly see the peak intensity (9.54� and
9.95�) of PbO phases, where the solid curve represents the Rietveld
refinement with multiple phases. In the inset, the PbO impurity
peaks are shown in a magnified view. From this figure, one can see
that the impurity fraction is almost the same between x ¼ 0:00 and
0.01, while the former sample is paramagnetic and the latter ferro-
magnetic with Ms ¼ 1:5 μB per Li. This naturally indicates that the
PbO impurity has nothing to do with the occurrence of high-
temperature ferromagnetism.

The most suspicious impurity is ferromagnetic Fe metal; other
elements of Pb, Pd, and Li are paramagnetic, and no compounds of
any combinations are known to be ferromagnetic at 700 K. Since
our samples are bulk, the magnetic signal is so large that an upper
limit of the fraction of Fe metal can be evaluated. The largest mag-
netic signal was measured to be 0.09 emu for x ¼ 0:02 at 300 K,
and actually, this sample sticks to a permanent magnet at room
temperature. This is typically 1000 times larger than that of ferro-
magnetic thin films.26,28,29 If the Fe metal showed this signal, its
mass would be 0.09 emu/220 emu g�1 ¼ 0:4 mg. The 0.4 mg of Fe
corresponds to around 1 mass% of the sample (6 mol. % of the
sample), which could be detected in the x-ray diffraction patterns.
Figure 3(b) shows a magnified view of the x-ray diffraction patterns
of the same samples in Fig. 3(a). If there were ferromagnetic Fe
metal in the samples, it would have a main peak of (110) near
2θ ¼ 14:45�. As shown by the dotted line in this figure, there is no
trace of such peak, indicating that the portion of Fe metal is evalu-
ated to be less than the SXRD resolution (less than the intensity
ratio of 10�4 ). In the first place, the samples were sintered at the
low temperature of 700 �C in air; such sintering conditions work as
oxidizing atmosphere for transition-metal oxides on the basis of
the so-called “Ellingham diagram,”42 and iron oxides are highly
unlikely reduced to be Fe metals.

A second suspicious impurity is ferrimagnetic Fe3O4. No trace
of Fe3O4 is seen in the x-ray diffraction patters, and the observed
magnetization is significantly larger than the value when all the
substituted Fe ions form Fe3O4. In addition, the magnetization
would show a kink at the Verwey transition temperature of

FIG. 3. (a) The SXRD pattern of PbPd0:90Fe0:05Li0:05O2. The solid curve repre-
sents the Rietveld refinement with multiple phases. The inset shows the magni-
fied view near the PbO reflections. (b) The x-ray intensity near 2θ ¼ 14:4�. The
dotted line represents the position of the main peak of Fe metal. Within the
experimental accuracy, no trace of Fe impurity is seen. (c) The impurity fraction
fimp and the saturation moment Ms are plotted as a function of Li content x.
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125 K.43 Yet another possibility is the precipitation of ferromagnetic
Pd–Fe or Pb–Fe alloys. For Pd–Fe alloys, the saturation magnetiza-
tion (50 emu/g) was four times smaller than that of ferromagnetic
iron.44 Using the same argument above, the fraction of such mag-
netic impurity is evaluated to be 4 mass% of the sample. Such a
large fraction should be detected in SXRD. Even if the precipitation
were far smaller in size than the SXRD resolution, such ferromag-
netic nanoparticle would show superparamagnetism, which is not
the present case as shown in the inset of Fig. 2(c). For the Pb–Fe
alloy, Pb and Fe construct a famous immiscible system, and such
an alloy is unlikely to show up in thermal equilibrium conditions.45

Figure 3(c) shows Ms and the impurity fraction fimp evaluated
from the Rietveld refinement plotted as a function of x. Although
the impurity fraction almost linearly increases with x, Ms shows a
peak at x ¼ 0:02. This further consolidates our conclusion that the
impurity phase has no correlation with the high-temperature
ferromagnetism.

Finally, we find that Li substitution is not always indispensable
to high-temperature ferromagnetism. We have observed a similar
ferromagnetism in Pb1�xAgxPd0:95Fe0:05O2, where Ag1þ substitutes
for Pb2þ in the Pb layer to supply holes. Figure 4 shows the mag-
netic susceptibility evaluated by M=H for Pb1�xAgxPd0:95Fe0:05O2

(x ¼ 0, 0.05, and 0.10) measured in 0.1 T. For comparison, we also
show the susceptibility of PbPdO2 measured in 7 T. As was already
discussed, the x ¼ 0 sample is paramagnetic with a slight upturn of

Curie tail with 0.1% of J ¼ 5=2 independent spins. The solid curve
represents the fitting curve with the Curie law expressed by

χ ¼ C
T
þ χ0, (3)

where C is the Curie constant and χ0 the temperature-independent
susceptibility. The fitting is satisfactory with C ¼ 0:0073 emuK=mol,
and χ0 ¼ 1:1� 10�4 emu/mol. The Curie constant is further written
by C ¼ nimp(μeff )

2=3kB ¼ nimp(gμB)
2S(Sþ 1)=3kB, where nimp is the

impurity density for the Curie tail and μeff is the effective magnetic
moment. We obtain μeff ¼ 6:8 μB assuming that nimp ¼ 0:0011
obtained from the M–H curve at 2 K. This is close to, or slightly
larger than the value for J ¼ 5=2 (5.5 μB), suggesting that around
0.1% of free Fe3þ ions are responsible for the Curie tail. This
means that the Fe ions in PbPd0:95Fe0:05O2 show small and
temperature-independent susceptibility χ0. One reasonable explana-
tion for this is that the substituted Fe ions are in the low-spin state
(S ¼ 0 for Fe2þ or S ¼ 1=2 for Fe3þ). Although Fe ions are usually
stable as the high-spin state in transition-metal oxides, we yet think
the low-spin state plausible, for the Pd ion is surrounded by a planer
oxygen square that causes a strong two-dimensional ligand field. As
a preliminary result, a single crystal of PbPd0:95Fe0:05O2 shows almost
temperature-independent susceptibility, which implies weak magnetic
behavior of the substituted Fe ions. The valence and spin state of the
Fe ion in PbPdO2 are to be determined by further studies.

With Ag substitution, susceptibility rapidly grows as large as
10�2 emu/mol. The inset shows the M–H curves at 20 K, in which
M is clearly nonlinear in H. These data show that the ground state of
x ¼ 0:05 and 0.10 is ferromagnetic, as is similar to the Li-substituted
samples. In Pb1�xAgxPd0:95Fe0:05O2 and PbPd0:95�xFe0:05LixO2,
co-doping effect provokes high-temperature ferromagnetism, and
nonmagnetic acceptors play a vital role in the ferromagnetism.
However, we should mention that the ferromagnetism is quantita-
tively different between the two systems. 2% Li can induce a large
magnetic moment of 1.2 μB per Li in PbPd0:95�xFe0:05LixO2, while
10% Ag induces only 0.05 μB per Ag in Pb1�xAgxPd0:95Fe0:05O2.

IV. SUMMARY

In summary, we have prepared a set of polycrystalline samples
of PbPd1�x�yFeyLixO2 and measured the synchrotron x-ray diffrac-
tion patterns and the magnetic properties systematically. We have
discovered that the Fe-substituted samples PbPd1�yFeyO2 are para-
magnetic without any sign of phase transitions and that the
co-substituted samples of Fe and Li show high-temperature ferro-
magnetism below 800 K. The largest saturation moment at 300 K
was obtained to be 0.023 μB per formula unit or 1.15 μB per Li for
x ¼ 0:02 and y ¼ 0:05. Careful analysis has revealed that the
observed ferromagnetic signal is too strong to be assigned to extrin-
sic magnetic contamination and or impurity phases. Microscopic
mechanism for the high-temperature ferromagnetism should be
clarified by further studies including first-principle calculation. In
particular, the valence and spin state of the Fe ions substituted in
the PbO4 plane need to be determined experimentally.

FIG. 4. Magnetization divided by the external field of 0.1 T for
Pb1�xAgxPd0:95Fe0:05O2 is plotted as a function of temperature. The susceptibil-
ity of PbPdO2 measured in 7 T is also plotted for comparison. The solid curve is
the result of the Curie fitting assuming the impurity density of 0.1% (see text).
The inset shows the magnetization-field curves for x ¼ 0:05 and 0.10 at 20 K.
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