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The origin of the ferromagnetism that appears in the core region of Pd nanoparticles is discussed. According
to many previous theoretical calculations, the onset of this ferromagnetism is closely related to the crystal
structure and defects. In order to consider the contribution of crystal structure to the appearance of ferromag-
netism in the Pd nanoparticles, we performed x-ray diffraction experiments and Warren-Averbach analysis. The
results revealed that the standard deviation of strain �� showed a positive correlation with the saturation
magnetization, with the ferromagnetism appearing when �� became larger than about 0.5%. This suggests that
the strains induce internal ferromagnetism in the Pd nanoparticle. Compared to the critical magnitude of the
strain at which ferromagnetism is predicted by the theoretical calculations, however, the estimated �� is too
small to explain the origin of ferromagnetism. Therefore, the strains smaller than the theoretical predictions
should also give rise to the ferromagnetism or the strains should contribute to the magnetism not only through
lattice expansion but also through changes in the crystal symmetry.
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I. INTRODUCTION

Magnetic materials on the nanoscale have been inten-
sively studied in connection with the recent progress in in-
formation technology and the need for high-density magnetic
storage media. In the nanometer range, magnetic properties
are significantly affected by size effects; then exotic features
often occur. Recently, the appearance of ferromagnetism in
nanoparticles of transition metals which have no magnetic
ordering in bulk has been reported.1–6 Understanding the ori-
gin of the ferromagnetism is a fundamental issue and also
produces a practical perspective in that the preparation of
nanoparticles is useful to control magnetism even in materi-
als usually known as nonmagnetic. In the investigation of
fundamental magnetism, nanoparticles have some advan-
tages; e.g., substrates, which influence the physical proper-
ties through the hybridization of electron orbits, are not nec-
essary, and thus neither mismatching of lattice constants nor
interdiffusion between target and substrate atoms occurs.
Therefore, the intrinsic magnetism on the nanoscale can be
observed using nanoparticles.

Pd is magnetically sensitive to external influences such as
substrates because it has a large electron density of states
�DOS� at Fermi energy and a sharp 4d peak of energy-
dependent DOS just below the Fermi energy.7,8 We have dis-
covered the appearance of ferromagnetism in free-standing
Pd nanoparticles.2 The ferromagnetism in these nanoparticles
had two components; i.e., the ferromagnetism appearing on
the surface and that in the core region. The surface ferromag-
netism disappeared by the adsorption of oxygen gas, while
the internal ferromagnetism was not affected by the surface
condition of the nanoparticles.3,9 In these previous studies,
the surface ferromagnetism was primarily focused because
the internal ferromagnetism was comparatively small. In the
present study, however, we found different magnetic behav-
ior in some sample, where the internal ferromagnetism was
as large as the surface ferromagnetism. The previous reports

already elucidated that the origin of the surface ferromag-
netism was attributed to the two-dimensional character of the
particle surface.2,3,9 In contrast, the origin of the internal fer-
romagnetism has not been clarified yet.

Thus, we focused on the effects of crystal structure and
defects on the internal ferromagnetism in this report because
a lot of theoretical research has predicted that these effects
induce ferromagnetism in Pd and that the crystal defects are
insensitive to the surface condition.7,8,10–15 Provided that the
changes in crystal structure and defects satisfy the Stoner
criterion of ferromagnetism, Pd should show ferromagnetic
ordering in the picture of itinerant magnetism. In addition,
some experimental studies have pointed out that crystal de-
fects were possible causes of the ferromagnetism of Pd
nanoparticles.4,9

From the analysis of x-ray diffraction �XRD� profiles, the
amounts of various crystal defects, e.g., strain, stacking
faults, and twin boundaries, can be estimated.16–19 In order to
clarify the origin of the internal ferromagnetism in connec-
tion with the crystal structure and defects, we performed a
detailed analysis of XRD and magnetic data of Pd nanopar-
ticles.

II. EXPERIMENTAL PROCEDURE

Pd nanoparticles were prepared by the gas-evaporation
method in Ar gas. The initial vacuum was �10−7 Pa. High-
purity Pd powder �Johnson Matthey Co., Ltd., 99.998%� was
evaporated from an electrically heated W boat �purity
99.99%� into Ar gas of �100 Pa purified by gas filters �H2,
O2, and H2O�1 ppb�. The experimental details have been
described elsewhere.2 For the observation of the particle size
and shape, a FEI TECNAI F20 transmission electron micro-
scope �TEM� was used. The XRD measurement of Pd nano-
particles was performed by a RIGAKU RAD-C diffracto-
meter using Cu K� radiation. The magnetic data were
obtained using a commercial superconducting quantum inter-
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ference device �SQUID� magnetometer �Quantum Design
MPMS-5�. The sample was put in a quartz tube for the mag-
netic measurement. To limit the detection to internal ferro-
magnetism only, the samples were exposed to a sufficient
amount of O2 gas to suppress the surface ferromagnetism
prior to the magnetic measurement.3,9 Therefore, we could
focus on just the internal magnetism.

The XRD profiles were corrected with the Lorentz polar-
ization factor and Debye-Waller factor to evaluate the true 2�
dependence. The instrumental function was deconvoluted by
the Stokes method using LaB6 powder as a standard. Strain �
is defined as �= �d�hkl�nanoparticle−d�hkl�bulk� /d�hkl�bulk,
where d�hkl�nanoparticle and d�hkl�bulk are the �hkl� plane spac-
ings in nanoparticles and bulk material, respectively. We
evaluated the average of strain ��� from the shifts of diffrac-
tion lines. The stacking fault probability �, which is defined
in terms of the probability that a given crystal plane contains
a stacking fault, was also determined based on the line
shift.18,19

Warren-Averbach �W-A� analysis was then performed to
estimate the standard deviation of strains ��= ���− ����2�1/2

from the broadening of the Bragg peaks.16,17 This method
can distinguish between the broadening due to strain and that
due to particle diameter. �� generally represents the standard
deviation of strains randomly oriented in samples; the depen-
dence of �� on crystal orientation was evaluated using two
sets of diffraction lines, i.e., �111�–�222� and �200�–�400�
lines, which correspond to �111� ����111�� and �100� ����100��
orientations, respectively. The twin boundary probability �
was also estimated using these sets of diffraction peaks,18

where � is the probability of the appearance of twin bound-
aries similar to �. In addition, the average particle diameter
was evaluated from the broadening due to particle size.

III. RESULTS AND DISCUSSION

A typical image and the size distribution of samples ob-
tained by TEM are shown in Fig. 1. The Pd nanoparticles

were well-defined polyhedrons composed of octahedrons and
multiple twins.20,21 In such polyhedrons, the particle diam-
eter cannot be exactly determined. Thus, we used the dis-
tance between the opposite apexes or edges DTEM as the
characteristic size of a nanoparticle. We obtained an average
of the characteristic sizes �DTEM� and a standard deviation
�DTEM by logarithmic-normal fitting to the histogram of
measured diameters for each sample as shown in Table I. A
large distribution of particle sizes of the Pd nanoparticles
was observed.

The XRD profile of the Pd nanoparticles clearly showed
eight sharp peaks corresponding to those of bulk Pd �Fig.
2�a�	. The eight lines were labeled by Miller indices in Fig.
2�a�, as referring to the XRD profile of bulk Pd crystal. The
intensity ratio of the diffraction lines in the nanoparticles
scarcely differed from that in bulk. The linewidths were dif-
ferent and the peak positions were slightly different among
the nanoparticle samples. Figure 2�b� shows the �111� dif-
fraction line of each sample as an example. The intensity is
normalized by the maximum value. The line position is ad-
justed so that each center is equal to zero. As a result of the
XRD measurements, the lattice structure of the nanoparticles
was identified with the fcc structure of bulk Pd. The differ-
ence of the linewidths among the nanoparticle samples re-
veals that the particle size and/or the amounts of the lattice
defects in the samples differ from each other.

In order to discuss the correlation between the magnetism
and lattice defects in detail, we estimated the magnitude of
lattice defects and particle diameter based on the XRD pro-
file using the W-A method as shown in Table I. To ensure
accurate results, the average particle diameter �DW-A� esti-
mated from the W-A method was compared with �DTEM�.
Figure 3 shows �DW-A� as a function of �DTEM�. The mono-
tonic relation between �DW-A� and �DTEM� indicates that the
two parameters are essentially identical. This supports the
accuracy of our XRD analyses. However, the magnitude of
�DW-A� insufficiently agrees with that of �DTEM�. This is par-
tially because DW-A is the particle diameter, and DTEM has
the characteristic size described above.
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FIG. 1. Typical TEM image of Pd nanoparticles in �a�. Histogram of the Pd nanoparticles with �DTEM� of 19.9 nm and �DTEM of 11.1
nm in �b�. Solid line shows the logarithmic-normal fitting discussed in the text.
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The values of ���, �, and � were almost zero within the
error. Comparatively large values of ��, ��100, and ��111
were observed in the present samples, although their magni-
tudes had a wide distribution, where �� denotes the standard
deviation in the distribution of all kinds of strains in a
sample, and ��100 and ��111 represent those of the strains
oriented along the �100� and �111� directions, respectively.
The negligibly small value of ��� indicates that both the posi-
tive and negative strains equally exist in nanoparticles. In
addition, there was no apparent correlation among ��, ��100,
and ��111. This indicates that the strains were randomly ori-
ented in the samples.

The characteristic of the standard deviation of strain, i.e.,
the large value of �� in contrast to the negligibly small ���,
can be consistently interpreted from the following viewpoint.
First, the present sample preparation method probably con-
tributed to the increase in the amount of strain. The nanopar-
ticles were grown by the condensation of Pd vapor, which is
a nonequilibrium process. Thus, the nanoparticles possibly
include the high-energy states in which the crystal defects
are stabilized. Next, in the freestanding nanoparticle with
�10 nm the total energy is typically composed of cohesive

energy, surface energy, and energy of crystal defects.20 In
such a nanoparticle, the contribution of the surface energy
should be pronounced due to the large ratio of the surface
area to volume. In addition, the energy of crystal defects is
also important because the formation of crystal defects is
often accompanied by the reduction in surface energy
through the reduction in total surface area, as observed in the
multiply twinned particles. Thus, the nanoparticle easily con-
tains crystal defects. A theoretical study20 indicated that
some multiply twinned particles inherently contain inhomo-
geneous strains even in their stable state, i.e., the crystal
lattice contracts radially �negative strain� and expands cir-
cumferentially �positive strain�. On the other hand, the ab-
sence of ��� should reflect the high stability of the lattice
constant in bulk Pd. It is worth noting that the Pd nanopar-
ticle with a diameter of �10 nm prepared by the inert gas-
evaporation method contained small ��� as reported by Re-
imann and Würschum.22 Consequently, we can propose the
picture that the present Pd nanoparticles basically prefer the
bulk crystal structure and the expansion and contraction of
the crystal lattice are concurrently induced so as to decrease
the surface energy.

TABLE I. Values of crystal defects in Pd nanoparticles.

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

��� �%� −0.09�0.32 −0.05�0.34 −0.10�0.31 −0.15�0.39 −0.1�1.5

�� �%� 0.50�0.33 0.76�0.04 0.85�0.02 1.11�0.06 1.34�0.41

��100 �%� 0.00�0.00 0.90�0.05 0.89�0.04 0.49�0.15 1.79�0.13

��111 �%� 0.44�0.31 0.58�0.40 1.44�0.08 0.75�0.04 0.00�0.00

� �%� 0�2 0�2 0�2 0�1 0�7

� �%� 1�4 1�4 1�4 0�2 2�10

�DW-A� �nm� 22.1�0.2 30.8�3.8 25.8�0.3 24.7�0.1 24.1�0.5

�DTEM� �nm� 19.9�0.6 34.1�1.3 31.0�3.6 30.0�2.0 23.9�2.0

�D �nm� 11.1�0.7 27.2�2.5 30.1�8.6 27.0�4.3 17.2�3.5

Ms �emu/g� 0.030�0.009 0.294�0.001 0.392�0.005 1.035�0.005 1.152�0.012
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FIG. 2. Typical XRD profile of the Pd nanoparticles with �DTEM� of 30.0 nm in �a�. The normalized �111� diffraction lines of all samples
in �b�.
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The magnetization of the Pd nanoparticles consisted of a
saturation component and a paramagnetic component lin-
early dependent on a magnetic field �the details of the mag-
netic properties were reported in Refs. 2 and 9�. According to
the previous study,2 this corresponds to the coexistence of
ferromagnetism and paramagnetism in a nanoparticle, i.e.,
part of the nanoparticle is ferromagnetic and the other part
remains paramagnetic, as in bulk Pd. Since the surface atoms
are probably covered with air, the ferromagnetic component
is regarded as only the internal ferromagnetism. The magni-
tude of the internal ferromagnetism is same order as that of
the surface ferromagnetism.2 To discuss only the ferromag-
netism of nanoparticles without uncertainty arising from the
background, we fitted the magnetization curve obtained in
magnetic fields higher than 2 T by a linear function and
estimated the saturation magnetization Ms from the extrapo-
lation of the fitting line to a zero field. The values of Ms,
observed in Fig. 4, are significantly different among the
samples although the temperature-dependent features are
qualitatively similar. Ms in all samples is scarcely tempera-
ture dependent below 300 K, and thus the Pd nanoparticles
probably have blocking temperature sufficiently higher than

room temperature. This makes it possible for us to discuss
the origin of the ferromagnetism based on the XRD data
obtained at room temperature.

Next, we discuss the effects of the crystal defects and
particle size on the Ms. Since ���, �, and � are too small to
find a clear correlation with Ms, we exclude the contributions
of these defects in this case. Although the values of �DW-A�
are significantly different among the samples, simple corre-
lations between �DW-A� and Ms cannot be observed. In con-
trast, the �� monotonically correlates with Ms �Fig. 5�, i.e.,
Ms shows nearly linear increase with increasing ��. This
strongly indicates that �� contributes to the appearance of
ferromagnetism in the Pd nanoparticles. A positive intercept
of �� ��0.6%� was obtained from the linear fitting. In ad-
dition, Ms scarcely shows correlations with ��100 and ��111.

We interpret the contribution of �� to the ferromagnetism
in the following paragraphs. According to the previous com-
putational researches, the ferromagnetic moment possibly
arose in the bulk Pd due to positive uniform strains larger
than 5%–10% and was not induced by smaller strains.7,8,11,12

Thus, we expect that the positive strains of the order of 5%–
10% should be necessary for the appearance of ferromag-
netism also in Pd nanoparticles. Based on the W-A analyses
of standard deviation in the strain distribution in a
sample,16–18 the larger �� should result in a higher fraction
of largely strained bonds in the nanoparticles because ��� is
negligible. Furthermore, since the negative strains are not
conducive to the appearance of ferromagnetism, the present
correlation between �� and Ms in the Pd nanoparticles sug-
gests that the part of the positive strains with large amplitude
can induce the ferromagnetism. This is qualitatively consis-
tent with the theoretical predictions in the bulk Pd. In the
present samples, however, �� is smaller than 1.34%, and
thus the fraction of the bonds with strain greater than �5% is
too low to explain all the ferromagnetic moments, based on
the conventional strain mechanism which deals with the ef-
fects of lattice expansion in bulk Pd. This discrepancy can be
explained by the following speculations. First, strains smaller
than �5% have possibly contributed to the onset of ferro-
magnetism in the previous researches. Each theoretical re-
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search provides different values of lattice expansion for the
appearance of ferromagnetism, e.g., 5.3%,11 5.5%,8 6%,7

10%,12 and less than 5%.14 Quantitative determination of ex-
act value is still controversial. Next, the strain-induced fer-
romagnetism would involve another mechanism that has not
been predicted under the assumption of the isotropic and
uniform lattice expansions. We claim that �� probably yields
anisotropic strains locally in the crystal lattice. The aniso-
tropic strains change the crystal symmetries in the vicinity of
atoms which have anisotropically strained bonds. This may
also induce the modification of electronic states and thus the
appearance of ferromagnetism. This is in contrast to the iso-
tropic strain which induces magnetic enhancement via the
narrowing of the 4d band and the change in d-s , p hybridiza-
tion by the expansion of interatomic distance. Provided that
the larger strain breaks the crystal symmetries more exten-
sively, this model should be consistent with the positive cor-
relation between Ms and ��. It is worth noting that the fer-
romagnetic state was stabilized in Pd with hcp symmetry as
shown by Hüger and Osuch12 and Alexandre et al.14 The fcc
structure of the Pd nanoparticle may be easily transformed
into the hcp structure because of the resemblance between
them, e.g., the stacking faults and twin boundaries, which are
built by the stacking of �111� close-packed layers in the fcc
structure, contain a layer with hexagonal symmetry.14 More-
over, the experimental results supporting the effects of hcp-
like structure were also proposed in Ref. 4, which argued the
relation between ferromagnetism and twin boundaries. In the
present study, such planar defects cannot be evaluated rel-
evant to the ferromagnetism because the amount of the
planer defects is insufficiently small to discuss their contri-
bution in our samples. However, in the basis of above dis-
cussion, these defects probably induce ferromagnetism in Pd.

In the present experiment, the �� of 0.5% was the mini-
mum value at which the small Ms was still observed. On the

other hand, the threshold value of �� ��0.6%� was sug-
gested from the linear fitting in Fig. 5. Now, it remains to be
elucidated whether or not the internal ferromagnetism disap-
pears in the sample with smaller ��. If the disappearance of
the ferromagnetism with smaller �� is assumed, Ms appears,
when the fraction of the positively strained bond exceeds a
certain level. This indicates that the strains are not indepen-
dent and contribute to the ferromagnetism jointly. In this
research, we do not conclude which model is appropriate.
However, the nearly linear correlation between Ms and ��
and the threshold value of �� suggests the possibility of the
joint effect of strains.

IV. CONCLUSION

The ferromagnetism in the core region of Pd nanoparticles
was studied. In consequence of the W-A analysis of the XRD
profile and magnetic measurement, we found a positive cor-
relation between Ms and �� in the samples. This shows that
the strains yield the internal ferromagnetism. This confirms
that the origin of the internal ferromagnetism is strains.
However, the value of the strain estimated from W-A analy-
sis is insufficient to explain the appearance of ferromag-
netism based on previous computational studies. This sug-
gests the indirect contribution of strain such as the effect of
changes in crystal symmetry, similar to planar defects.
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