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Abstract. In this paper pressure studies of magnetic nanoparticles will be reviewed and, as a
particular case, pressure influence on the ferromagnetic resonance (FMR) spectra of Ni/C
nanoparticles embedded in the PBT-block-PTMO polymer will be considered. Significant variations
of the FMR parameters of Ni/C nanoparticles were observed as a function of an applied external
pressure at both studied temperatures (T = 142K, 293K). It has been demonstrated that the
pressure dependence of the FMR parameters (the resonance field, linewidth and integrated
intensity) correlates well with the temperature dependence of these parameters. Comparison
with the previous similar pressure study of two different samples containing -Fe

2
O

3
 agglomerates

of different sizes in the PBT-block-PTMO polymer matrix has been carried out.

1. INTRODUCTION

Due to their wide technological applications the
transition metal oxides, especially in the form of
nanosize structures, are intensively studied in recent
years [1,2]. They shows a very interesting physical
properties, which can be used to improve the
mechanical and magnetic properties of materials
e.g. [3-9]. Introduction of even small amount of
magnetic particles into a polymer matrix can
significantly shift the critical points and even increase
its melting temperature [10,11].

Ferromagnetic resonance (FMR) technique
allows to study such materials on an atomic level.
Using small concentration of magnetic particles
embedded into polymer matrix the FMR was applied
to study the temperature dependence of magnetic
properties [10,12]. With the decrease of temperature
a decrease of FMR signal amplitude, an increase of

the linewidth and the shift of the resonance line
towards smaller magnetic fields was observed. One
of the processes responsible for the resonance line
shift is the reorientation of the correlated system of
spins. It was shown that the viscosity of the studied
materials significantly depended on temperature and
could greatly influence the processes of re-
orientation of the correlated spin system [11]. This
is particularly important for such polymer matrices
in which several critical points of the dynamical
processes of freezing the motion of molecules
exists. It was proposed that the internal pressure
resulting from temperature changes has significantly
influence on the electron orbital motion which in turn
can change the magnetic moment of magnetic
nanoparticles [13].

Recently, the results of measurements of pres-
sure dependence of the FMR spectrum arising from
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0.1 wt.% and 0.3 wt.% of -Fe
2
O

3
 (maghemite)

placed in a polymer matrix have been published [14].
The resonance line have been observed to shift to-
wards stronger magnetic fields, the line broadened
and the line amplitude decreased with pressure in-
crease. A crucial role of the surface spins in forma-
tion of the FMR spectrum has been proposed.

The aim of this report is to review the results of
pressure studies on magnetic nanoparticles and to
present our new results of hydrostatic pressure
effects on the FMR spectra arising from magnetic
nanoparticles of Ni/C embedded at concentration of
0.1 wt.% in the PBT-block-PTMO polymer. The
pressure study has been carried out at two
temperatures: 293K and at 142K. The pressure
dependence of the FMR parameters determined at
these two temperatures will be compared with our
previous pressure study of two different samples
containing -Fe

2
O

3
 agglomerates of different sizes

in a polymer matrix [14].

2. REVIEW OF PRESSURE STUDIES
OF MAGNETIC NANOPARTICLES

Pressure is an important thermodynamical
parameter that could change structural and
magnetic properties of materials. In the case of
nanoparticles, pressure might modify the transition

Nanoparticles Type of magnetic measurement Reference

-Fe
2
O

3
ZFC and FC dc magnetization, hysteresis loop [15]

-Fe
2
O

3 
/Fe

3
O

4
 hollow, solid ac magnetic susceptibility, isothermal magnetization [23]

and dispersed in polymer
-Fe

2
O

3
ac and dc magnetic susceptibility, isothermal [16]
magnetization

-Fe
2
O

3
ac magnetic susceptibility [19]

-Fe
2
O

3
 in polymer matrix FMR [14]

-Fe
2
O

3 
surfactant coated Magnetic susceptibility [25]

FePt ac magnetic susceptibility [17]
FePt ac magnetic susceptibility, isothermal magnetization [22]
LaMnO

3+
 in dc magnetic susceptibility [24]

mesoporous silica
La

0.7
Ca

0.3
MnO

3
 with ZFC and FC dc magnetization, isothermal magnetization [20]

different sizes
Magnetostrictive Ni-Zn Complex susceptibility, FMR [26]
and Ni-Zn-Co spinels
Mn

3
[Cr(CN)

6
]
2
·nH

2
O, dc magnetization, isothermal magnetization [21]

Ni
3
[Cr(CN)

6
]
2
·nH

2
O in an

organic matrix
FeOOH·nH

2
O dc magnetic susceptibility, isothermal magnetization [18]

Table 1. List of different kinds of studied nanoparticles and types of magnetic measurements used in
pressure studies.

temperature to magnetically ordered phase, change
the susceptibility and magnetization, alter hysteresis
loops and modify the effective anisotropy energy
barrier [14-26]. One important advantage of pressure
measurements is the possibility of disentangelment
of the core and shell magnetic properties of
nanoparticles. It follows from the different response
of these components to the applied pressure.
Despite its importance, pressure measurements of
magnetic nanoparticles are rare. In Table 1 different
kinds of studied nanoparticles and types of magnetic
measurements used in pressure studies are
presented. As could be noticed a large portion of
papers in Table 1 is devoted to the study of -Fe

2
O

3

nanoparticles [14-16,19,23,25].
Among iron oxides, maghemite nanoparticles are

the most attractive materials for industrial
applications because of their chemical stability and
interesting magnetic properties. The first paper on
pressure study of maghemite nanoparticles by
J. Dai et al. reported on linear increase of the
blocking temperature with applied pressure [25]. It
was explained as an effect of reduction of an average
interparticle distance between nanoparticles cause
by pressure. A detailed study of pressure effect on
maghemite nanoparticles with different sizes was
published by group of Y. Komorida [15,16,19]. Of
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special importance was application of the core/shell
structure model used for ferrimagnetic nanoparticles.
Pressure study allows to separate anisotropy
constants for the core and the shell. The
experimental findings indicated that the core/shell
structure is unstable against external stress and
under sufficiently high pressure the core could be
restructured [15,16]. Silva et al. have made pressure
measurements on three types of maghemite
nanoaprticles: hollow capped by oleylamine, solid
capped by oleic acid and solid dispersed in a polymer
[23]. The anisotropy energy of solid and hollow
maghemite nanoparticles has shown different
pressure dependence. This difference was due to
the different geometry of nanoparticles and with larger
pressure response of the shell.

Pressure study of magnetic properties of the iron
]xide hydr]xide ferrihydrite (FeOOH·nH

2
O)

nanoparticles with the particle size of 4.7 nm was
described in Ref. 18. The dc magnetic
measurements as a function of temperature or
magnetic field have been performed that have shown
decrease of the blocking temperature with applied
pressure. Pressure has also decreased the effective
magnetic moment. On the other hand, the pressure
dependence of magnetic susceptibility has shown
a behaviour contrary to that of magnetic moment.
Together, these findings indicated the decrease of
the anisotropy energy associated to the decrease
of particles uncompensated magnetic moment [18].

Pressure-induced changes in magnetic
properties of FePt nanoparticles are presented in
Ref. 17 and 22. FePt has attracted much attention
of material scientist for the last decade becaues it
is a candidate material for magnetic recording media.
Its magnetic properties are very sensitive to
nanoparticle sizes. In Ref. 17 the size of FePt
nanoparticles was 2.0 nm, in Ref. 22 it was 2.6 nm.
Change of the blocking temperature T

B
 under the

applied pressure (linear increase with pressure) was
investigated by ac susceptibility measurements. As
particle size and lattice parametes has hardly
changed in the considered pressure region, the
experimental results suggested the effective
magnetocrystalline anisotropy increased due to the
applied pressure [17]. For larger FePt nanoparticles
(2.6 nm) the blocking temperature was reduced by
applied pressure [22]. The study revealed that
anisotropic unit-cell contraction reduced the effective
anisotropic energy and the magnetic nature of
nanoparticles could be controlled by changing the
contraction manner [22].

Investigation od two diffrent kinds of nanoparticles,
based on prussian blue analogues,

Mn
3
[Cr(CN)

6
]
2
·nH

2
O, and Ni

3
[Cr(CN)

6
]
2
·nH

2
O embed-

ded in an organic matrix was described in Ref. 21.
The nanoparticles have had an average diameter of
4 nm. The Curie temperature T

C
 of both nanoparticles

types was significantly reduced in comparison with
bulk materials due to dilution in an organic matrix.
Pressure effect on the Curie temperature was quite
opposite for both nanoparticles - in case of
Mn

3
[Cr(CN)

6
]
2
·nH

2
O an increase of pressure causde

an increase of T
C
, while for Ni

3
[Cr(CN)

6
]
2
·nH

2
O

nanoprticles it caused decrease of T
C
. The applied

pressure also increased the magnetic moment of
both samples it this was attributed to the reduction
of inter-particle distances by compression of the
organic matrix [21].

Pressure effects on magnetic properties of two
La

0.7
Ca

0.3
MnO

3
 nanoparticle samples with different

particle sizes (12 and 49 nm) were investigated in
Ref. 20. Sample with larger nanoparticles was
obtained from the first sample (black porous ash)
by annealing it at 900 °C f]r 2 h in air. The Curie
temperatures T

C
 at ambient pressure were very

different for both samples (120K and 261K) and the
saturation magnetization for the annealed sample
was almoust two times higher than for non-anealed
sample. Diffrences in magnetic behavior of these
samples became more pronounced under the
applied pressure. The pressure coefficent dT

C
/dP

was positve for the annealed sample and negative
for the other sample. Other magnetic parameters
(coercivity, remanence, saturation magnetization)
underwent increase with pressure for annealed
sample, while for non-annealed sample coercivity
and remanence increased with pressure but at same
time saturation magnetization decreased. These
diffrences in magnetic behavior under the applied
pressure were explained by different contributions
of two types of disorder: surface disorder introduced
by the particle outer shell, and structural disorder of
the particle core. The larger, annealed sample has
had small shell thickness and thus its behaviour
closly resembled the one of the bulk counterpart.
For small size nanoparticles sample the magnetic
behaviour is governed by both particle shell
contribution and large core disorder [20].

In Ref. 24 application of anisotropic stress to
LaMnO

3+
 nanoparticles synthesized in one-

dimensional pores of mesoporous silica was
presented. The authors have investigated the effects
of the anisotropic strain on the nanoparticles, which
consisted of ferromagnetic and antiferromagnetic
particles. Both the ferromagnetic and
antiferromagnetic transition temperatures for the
LaMnO

3+
 nanoparticles initially increased with
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increasing pressure and then remained constant at
around the critical strain. These results indicated
that anisotropic stress caused distortion of the shape
of nanoparticles. This induced an increase in the
lattice strain and the anisotropic compression of the
crystal structure, which, in turn, resulted in an
increase in the transition temperatures [24].

Pressure dependence of the frequency
permeability spectra of soft ferrite composite
materials was presented in Ref. 26. Soft magnetic
composite materials were prepared by mixing epoxy
resin with nanosize particles with diameter of 30
nm of magnetostrictive Ni-Zn and Ni-Zn-Co spinels.
The measured FMR frequencies of samples were
obtained from permeability spectra (maximum of the
imaginery part) for various applied pressures. The
FMR frequency increased linearly with the
compression strength only beyond a pressure
threshold. Beyond this threshold value, FMR
remained insensitive to variations of the applied
pressure. This region corresponds to permanent
internal stress that existed before application of
external pressure.

3. EXPERIMENTAL

The procedure for obtaining nanocomposite with a
small amount (0.1 wt.%) of magnetic Ni/C
nanoparticles embedded in the PBT-block-PTMO
polymer was described previously [27,28]. An
average size of agglomerates was in the 10-20 nm
range.

RADIOPAN SE/X spectrometer was used for
study of the pressure dependence of the FMR
spectra. FMR measurements at a frequency of 9.4
GHz under high hydrostatic pressure were carried
out using a special appliance connected to a
standard spectrometer [29]. This equipment, made
at the Institute of Molecular Physics in Poznan
(Poland) is a modified version of the apparatus used
previously [30]. Technical details are described in
our previous paper [14]. The studied sample was
placed into the 2 mm diameter hole of corundum
resonator. The pressure measurements were carried
out at constant temperature of 293K and 142K.

4. RESULTS AND DISCUSSION

Fig. 1 presents temperature dependence of the FMR
spectrum parameters at ambient pressure in the
investigated sample of Ni/C nanoparticles
embedded in PBT-block-PTMO polymer. The FMR
spectrum consists of a single intense, broad and
anisotropic line. The FMR parameters: resonance
field B

r
, peak-to-peak linewidth B

pp
, and integrated

(a)

(b)

(c)

Fig. 1. Temperature dependence of the FMR
parameters at ambient pressure: (a) resonance field,
(b) peak-to-peak linewidth, (c) integrated intensity,
for investigated sample of Ni/C nanoparticles in the
PBT-block-PTMO polymer.

intensity I
int

 have been calculated by using proce-
dure described by Koksharov [31]. The FMR inte-
grated intensity I

int
 was calculated as the product of

the first derivative line amplitude A
pp

 and the square
of the peak-to-peak linewidth B

pp
, I

int
=A

pp
·B

pp
2. It

is proportional to the magnetic susceptibility (at
microwave frequency) of the investigated spin sys-
tem. At ambient pressure the resonance line is cen-
tered at B

r
=293.5 mT, with linewidth B

pp
=63.9 mT

at 293K, and B
r
= 252.2 mT, with linewidth B

pp
=
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157.4 mT at 142K. The linewidth increases, the in-
tegrated intensity decreases and the resonance
field shifts towards smaller magnetic fields with
decrease in temperature.

Figs. 2 and 3 show the pressure dependence of
the same FMR parameters at two different
temperatures. At both temperatures the resonance
line shifts towards stronger magnetic fields (Figs.
2a and 3a) with increase in pressure. A similar
behavior of the resonance line was recorded for the
FMR spectra of -Fe

2
O

3
 nanoparticles embedded in

(a)

(b)

(c)

(a)

(b)

(c)

Fig. 2. Pressure dependence of the FMR
parameters at T = 293K: (a) resonance field, (b)
peak-to-peak linewidth, (c) integrated intensity, for
investigated sample of Ni/C nanoparticles in the
PBT-block-PTMO polymer.

Fig. 3. Pressure dependence of the FMR
parameters at T = 142K: (a) resonance field, (b)
peak-to-peak linewidth, (c) integrated intensity, for
investigated sample of Ni/C nanoparticles in the
PBT-block-PTMO polymer.

nonmagnetic polymer matrix [14] and for sample
investigated in this work in the high temperature
range [14,27]. The linewidth decreases with an
increase in applied pressure at both temperatures
(Fig. 2b and 3b) and it is an opposite effect to what
was observed for -Fe

2
O

3
 nanoparticles embedded

in nonmagnetic polymer matrix [14]. Probably this
is due to the difference in magnetic interactions
because in contrast to the maghemite nanoparticles
the Ni nanoparticles are covered with carbon layer
which increases the distance between the metal
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Sample Temperature B
r 
/ P B

pp 
/ P I

int 
/ P Reference

[K] [mT/MPa] [mT/MPa] [1/MPa]

0.1 wt.% Ni/C 293 0.1 .10-2 -2.95.10-2 17.10-4 This work
142 16.6.10-2 -11.10-2 26.10-4 This work

0.1 wt.% -Fe
2
O

3
82 2.8.10-2 1.2.10-2 3.0.10-4 [14]

(large size agglomerates)
0.1 wt.% -Fe

2
O

3
92 4.4.10-2 5.0.10-2 18.10-4 [14]

(small size agglomerates)

Table 2. Calculated values of the pressure gradients of the FMR spectrum parametes in three different
samples.

Fig. 4. Presentation of values of the pressure and temperature gradients of the resonance field (full squares)
and linewidth (full circles) at T = 293 and 142K for investigated sample of Ni/C nanoparticles in the PBT-
block-PTMO polymer.

nanoparticles and has a profound influences on the
state of the surface spins. The integrated intensity
of the FMR line increases with increase in an applied
external pressure at both temperatures (Figs. 2c
and 3c). A similar behavior was also observed for
maghemite nanoparticles [14].

In the Table 1 the values of pressure gradients of
changes in resonance field, linewidth and integrated
intensity for the Ni/C nanoparticles embedded in the
PBT-block-PTMO polymer are shown. For
comparison, similar parameters for two samples of
the -Fe

2
O

3
 nanoparticles embedded in nonmagnetic

polymer matrix are also given [14]. Two previously
studied samples at roughly the same temperature
contained maghemite nanoparticles in a very different
agglomeration state so it was possible to elucidate
the role of the surface spins [14]. It was found that
for smaller maghemite agglomerates the pressure
gradient of the resonance field was bigger than for
larger agglomerates. In case of our sample of Ni/C

nanoparticles we have the same agglomerates but
they were investigated at two different temperatures.
As could be seen in Table 1 at higher temperature
the value of B

r 
/ P gradient is much smaller than at

lower temperature. It would be interesting to compare
the pressure and temperature gradients of the
resonance field at both temperatures. The
temperature gradients of the resonance field have
the values B

r 
/ T ~3.7.10-2 mT/K above 150K and

B
r 
/ T ~0.18 mT/K below 150K (Fig. 1a). It seems

to be a strong correlation between the values of
pressure and temperature gradients at both studied
temperatures. It indicates on a common cause
underlying the pressure and temperature changes
of the resonance field. This correlation could be
easily noticed in Fig. 4 (right hand side), where the
values of the pressure and temperature gradients
are presented. The variation of B

r 
/ T could reflect

an increase of magnetic anisotropy or even
interparticles interactions that might be connected
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with the reorientation processes in the correlated
spin system. An elastic stress could also strengthen
the interactions by reducing an average interparticle
distance. These differences could be related to the
value of the saturatiom magnetization M

S
 as the

resonance field B
r
 is expected to vary with applied

external pressure P according to the formula [26]:

S

r

S

B P
M

,

where
S
 is the magnetostriction constant.

Saturation magnetization of the nanoparticles varies
strongly in comparison to the bulk and this behaviour
is mainly related to the presence of surface
anisotropy and disorder. The surface layer of a
nanoparticle could be in a paramagnetic state due
to the interaction with the matrix [32].

Significant changes under the influence of
pressure are also observed in the linewidth of the
resonance line and the effect of pressure is much
more stonger in low temperature range than at high
temperaure (Table 1). Likewise as for the resonance
field, in case of the linewidth its pressure and
temperature gradients are also strongly correlated.
As could be calculated from Fig. 1b the temperature
gradients of linewidth have the following values:

B
pp 

/ T = -49.10-2 mT%= ab]ve 150= and –108.10-2

mT/K below 150K. An increase of pressure has a
similar effect on the linewidth as has an increase of
temperature and this correlation is easily seen in
Fig. 4 (left hand side). The observed FMR line is the
sum of many individual component lines reflecting
the different orientation of each nanoparticle relative
to the external magnetic field. Thus the unresolved
component lines determine the observed linewidth
that would depend directly on the magnetocrystalline
anisotropy field of the nanoparticles system [33].
The magnetocrystalline anisotropy field H

mc
 could

be given as [27]:

mc

S

K
H

M
1 ,

where K
1
 is the first-order uniaxial anisotropy

constant. This field, and in consequence the resulting
linewidth, would increase as the applied pressure
decreases the saturation magnetization. As the
pressure gradient B

pp 
/ P is roughly four times

bigger at low temperatures it follows that pressure
has that much more effect on M

s
 at 142K than at

293K.
Figs. 2c and 3c show the pressure dependence

of the FMR integrated intensity. To determine the
change of the integrated intensity with increase of

applied pressure, the I
int 

/ P gradients have been
calculated and the values are placed in Table 1. At
lower temperature the value of I

int 
/ P is one and a

half times greater than at 293K. The values of the
temperature gradients of the integrated intensity
I
int 

/ T for our sample at different temperatures could
be calculated from Fig. 1c. It was found that the
values of I

int 
/ T are 30.10-2 1/K and 32.10-2 1/K at

293K and 142K, respectively. Comparison of I
int 

/ P
and dI

int
/dT values at different temperatures inducate

once again that there is a significant correlation of
pressure and temperature changes of the integrated
intensity. On the other hand comparison of I

int 
/ P

values for Ni/C and maghemite nanoparticles shows
that larger vales are obtained for smaller
agglomerates. This is consistent with small sizes
of Ni/C nanoparticles in the current study.

5. CONCLUSIONS

The influence of an external pressure on the FMR
spectra of Ni/C nanoparticles embedded in a
nonmagnetic polymer has been investigated at two
different temperatures. Pressure dependence of the
FMR parameters has shown that the shift of the
resonance line, and the changes of linewidth and
the FMR integrated intensity due to applied external
pressure are similar to what was observed previously
for these parameters as the temperature was varied.
This indicates on a common cause of pressure and
temperature variations of the FMR parameters. An
opposite effect of temperature and pressure variations
was observed for the linewidth changes in case of
maghemite nanoparticles. This might be explained
by assuming an important role played by the surface
spins. At low temperature the calculated values of
B

r 
/ P, B

pp 
/ P and I/ P pressure gradients for

Ni/C nanoparticles were consistently larger than at
high temperature. In general the pressure and
temperature changes of the FMR parameters of
nanoparticles embbeded in polymer matrix appear
to be strongly correlated but in cases when spins
on the surface of nanopartiles play a significant role
this correlation might be weakened or even reversed.
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