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Abstract. An original approach is proposed to study the dipolc-dipole interparticle interactions in 
dispersed magnets. It is the registration and analysis of the noisclikc ferromagnetic resonance fine 
structure, which is caused by the magnetic dipolc-dipole interaction between magnetic domains. The 
features of fine structure formation arc discussed. The experimental examples of the possible appli
cations of the fine structure method arc given. 

1 Introduction 

A lot of spectroscopic techniques have been successfully applied to accumulate 
information on structure and properties of magnetic nanoparticle-based systems. 
Even though these methods provide data on the atomic level, it has not been 
possible so far to unravel all details necessary to establish features of the col
lective behavior of nanostructured dispersed magnets [1-4]. As a result, the search 
for new analytical tools with sufficient sensitivity is continuing. 

It has long been recognized that small changes in the substance structure in
fluence its magnetic properties drastically (see, for example, refs. 5 and 6). There
fore, monitoring magnetic properties of these systems could help to provide a 
deeper insight into magnetic properties of dispersed magnetic nanostructures. Elec
tron spin resonance (ESR) spectroscopy (usually called ferromagnetic resonance 
(FMR) in the case of ferromagnetic systems) has proved to be a valuable tool 
for both magnetic powders and single crystals [7-9]. However, FMR, a useful 
source of information in many cases, is limited by strong inhomogeneous broad
ening arising from a random orientation of the anisotropic magnetic particles 
when studying dispersed magnets. New possibilities of the FMR technique may 
provide studying the unusually narrow lines observed against the broad adsorp
tion spectra [10-12]. In the present work, an original approach is proposed to 
study the dipole-dipole interparticle interactions in dispersed magnets on the basis 
of the registration and analysis of the noiselike FMR fine structure (FS) [11]. It 
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is shown that registration and analysis of FMR FS can be used to obtain a unique 
information about granular and heterogeneous magnetic systems unavailable be
fore. Some possible applications of the FMR FS are given in the last part of 
this work. 

2 Physical Background of the FMR FS Method 

During the investigation of the magnetic properties by ESR, a gradual sweep of 
the external magnetic field usually leads to a gradual change of the local mag
netic fields. This leads to gradual changes of the microwave resonance absorp
tion with the magnetic field sweep. However, for example, in the classic case 
of the magnetization of a uniaxial ferromagnetic isolated crystal, a magnetiza
tion jump may take place with a gradual magnetic field increase due to the well-
known hysteresis behavior. It would lead to a stepwise change of the microwave 
resonance absorption if one could operate with a single nanoparticle. But even 
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Fig. 1. Sum of magnetic moments projections of two interacting magnetic dipolcs on the external 
magnetic field direction as a function of the external magnetic field in two-dimensional (2-D) case 
for the /r/t/3 = 1.5KV (a), [fid* = KV (b), and ff/cP = 0 (c). Here the angle between easy particle 
axes n, and n2 and the external magnetic field H are 6>„, = 6.8° and 0n2 = 56.3°, correspondingly 
for the H| and n2. The angle between the vector of the mutual particles arrangement and external 

magnetic field is 8d = 97.3°. 
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Fig. 2. Contour plot of energy of two interacting dipoles as a function of angles between particles 
magnetic moments (H,, |i2) and an external magnetic field in 2-D case. H = 23KV/fi (a), 0.5KV//J (b), 
and 0.2KV//J (c). Here is fi/d1 = KV. The angle between easy particle axes n, and n, and the ex

ternal magnetic field H as well as 0d are the same as in Fig. I. 
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in this case, the latter situation could take place in the FMR spectra only once, 
at the first scan. To repeat such a jump, the specimen needs to be placed in the 
oppositely directed magnetic field. In ref. 11 it was first shown using a simple 
two-particle model that the dipole-dipole interaction can lead to the magnetiza
tion jump upon changing the magnetic field magnitude but not its direction. The 
hysteresis occurs when the Zeeman, the dipole-dipole interaction and the effec
tive anisotropy energies are of the same order of magnitude 

Here we calculated the energy of the two-particle system and correspondent 
magnetization curve (Fig. 1). The particles possess the axial effective anisotropy 
of both the geometric (anisotropy of shape) and crystallographic character. Be
sides the Zeeman energy, we took into account the dipole-dipole interaction be
tween the particles. The energy of the system is 

E = 3™, + d̂-d + £H = -^ r [ (M,n , ) 2 + (H2n2)2] 

, </2n,n2-3(dn,)(du2) , . 
a 

here K is the effective anisotropy constant, V is the volume of each particle, 
jx12 are the magnetic moment vectors of the particles (/y = ||x,| = ln2l), ni,2 
are the easy-axis magnetization directions, and d is the vector of their mutual 
arrangement. 

The simulation showed that an increase of the dipole-dipole interaction leads 
to the appearance of a hysteresis entirely observed in the positive magnetic field 
(Fig. 1). The abrupt changes of magnetization projection correspond to the step
wise magnetic moment rotation induced by the disappearance of the local en
ergy minimum (Fig. 2). The theoretical analysis also showed that the hysteresis 
position is very sensitive to the n, 2 and d vector orientation relative to the ex
ternal magnetic field. 

The magnetization jumps lead to stepwise changes of the local magnetic field 
for the particles under study. If one of the ferromagnetic particles has a reso
nance adsorption before or after the magnetization jumps it should lead to abrupt 
changes in its resonance condition. The latter results in a stepwise variation of 
the microwave field absorption that can be registered as the additional narrow 
line in the FMR spectrum. 

3 FMR FS of Dispersed Magnets 

In the dispersed system of interacting ferromagnetic particles, it is reasonable to 
expect the existence of multiple magnetization jumps that can be registered in 
FMR spectra as extra narrow lines (FS) against well-known wide absorption 
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signals. The important distinctive feature of this FS should be the reproducibil
ity along with a strong orientation dependence. Figure 3 shows the result of the 
numerical simulation of magnetization jumps in randomly oriented dispersed 
magnets. The calculation was made by the summation of pairs of randomly ori
ented particles coupled in a dipole-dipole manner. Details and features of the 
numerical simulation will be discussed elsewhere. It appeared that FMR FS can 
occur with different parameters. It is sensitive to the geometry and size of the 
particles, as well as to their magnetic characteristics. The necessary condition for 
the hysteresis to occur is the same order of magnitude for competitive energy 
constituents. Of course, in a real dispersed system, the situation is more compli
cated. To reproduce the two-particle model better, one can dilute dispersed mag
nets and remove the agglomerates. 

Indeed, the investigation of the model nonoriented granular magnets revealed 
the noiselike but strictly reproducible FS of the FMR spectra which was ob
served as a multitude of narrow lines of the two-order weaker intensity. The 
experimental spectra were registered on a Bruker EMX 3-cm spectrometer. The 
specimens were placed at the center of a rectangular TE102 cavity. The modu
lation frequency was 100 kHz. The temperature control system provided mea
surements in the 77-500 K range. The observed FS possesses all expected 
features, including a strong orientation dependence and dependence on the 
dipole-dipole interparticle interaction. Figure 4 shows an FMR spectrum of a 
7-Fe203 powder obtained in the high-sensitivity conditions. There is an intense 
inhomogeneous broad signal usually observed in ferromagnets. However, against 
a broad background spectrum one can observe lines in the wide range of mag
netic fields two orders of magnitude weaker and extremely sharp. With a single 
magnetic sweep, these lines are virtually lost in the noise and their reliable 
recording requires a digital accumulation. One can observe these lines while 
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Fig. 3. a Probability of the magnetization jumps in the pairs of randomly oriented particles interact
ing in dipole-dipole manner. Here is ff/cP = KV. The calculation was made using Monte Carlo simu
lation. Easy particle axes and the vector of the mutual particle arrangement are directed in a random 
way in 3-D space, b Fraction of the pairs for which the magnetization jumps can appear at H > 0 
as a function of the value of the dipole-dipole interaction Kd = (/rliP)l(KV). At fi/iP = KV (a) this 

fraction is 9.6%. 
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Fig. 4. FMR spectrum of y-Fe203 powder in a paraffin matrix, a General view, b FS of the FMR 
spectrum after subtraction of the smooth component. According to the electron microscopy data, in
dividual particles have an elongated shape with average size of about 0.1 um. The content of y-Fe203 

is about 1 wt%. Curves cl and c2 form a sequence of FS spectra recorded in the independent reg
istration series, curve c3 denotes to the specimen rotated by 0.5° relative to curve c2. 

looking carefully at the intensive broad spectrum, but to analyze the FS, it is 
convenient to eliminate the wide smooth component calculated by the removal 
of higher-than-given Fourier harmonics of the spectrum. It was checked that 
the procedure does not change the noiselike component. The spectra below are 
given after subtraction. 

The observed spectra (Fig. 4) consist of a large number of lines that are rather 
narrow for a solid (~10 G). Along with the noiselike character these spectra are 
strictly reproducible (see inset, spectra cl and c2) (Fig. 4). The change of reg
istration conditions does not change the pattern over a long period of time. The 
changes of the magnetic field modulation frequency and amplitude (within the 
individual line width), the microwave power, the integration time constant and 
the field sweep rate leave the spectrum unchanged and allow the absorption pat
tern to be recorded invariable over indefinite periods. At the same time the re
production of the noiselike spectra is observed at the one-way sweep direction 
only. The spectra shown in Fig. 4 correspond to the upward traces. As it was 
predicted, the spectra have a strong orientational dependence. An infinitesimal 
rotation of the specimen causes noticeable changes in the spectrum (spectrum 
c3 in the inset of Fig. 4). To analyze and compare FS, we used a correlation 
functional analysis. 
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It was checked that the experimental FS spectra of dispersed magnets are 
the sum of the adsorption jumps from different particles. FS can be observed 
only if the total number of narrow lines from different summable particles is 
inadequate to form a smooth contour [13, 14]. This may be realized in the pow
der if the lines originated from the magnetization jumps are narrow and strong 
enough. Indeed, it was shown that the FS spectra intensity increases as a square 
root of the value of the ferromagnetic phase. It means that FS in a powder is 
the result of incomplete averaging of lines from different particles. 

FS is registered in all dispersed magnets checked, but with some differences. 
For example, the Ni powder specimen put in the cavity does not display any 
FS spectra. This is not surprising if one remembers the main condition for FS 
to appear - the same order of magnitude for the Zeeman, dipole-dipole and ef
fective anisotropy energies. Ni has larger saturation magnetization as compared 
with that of the y-Fe203, therefore, to observe FS it is necessary to dilute it in 
some nonmagnetic matrix to satisfy the condition Eq. (1). By the way, the-re
verse effect is observed for pressed ferromagnetic powders. We failed to reveal 
the FMR FS for pressed y-Fe203 powders, while the regular FMR spectrum was 
the same. 

As predicted, we revealed that the FS is considerably determined by the 
value of the magnetic interparticle interaction. The dilution and the uniform 
separation of the aggregated particles by ultrasonic dispersion in diamagnetic 
matrix lead to the concentration of lines in particular regions of the magnetic 
field (Fig. 5a). The same order is observed for different ferromagnetic pow
ders, but at different magnetic field values, reflecting features of the dispersed 
specimen. These features were clarified after the consideration of the magneti
zation behavior of Ni dispersed in wax. Kittel et al. [15] showed experimen-
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Fig. 5. FMR FS of Ni powder prepared by ultrasonic dispersion in a melted paraffin matrix. Tem
peratures of registration were 300 K. (a) and 77 K (b). The content of Ni is about 1 wt%. 
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Fig. 6. FS of the FMR spectrum for Ni powder prepared by mechanic stirring in a paraffin matrix 
without ultrasonic dispersion. The content of Ni is about I wt%. 

tally and theoretically that to magnetize an isolated particle it is necessary to 
overcome the self-demagnetization field equal to 2KIJ and 4izJJ3 for single-
and multidomain particles, respectively. Here K is the crystallographic anisot-
ropy constant and Js is the saturation magnetization. For the metal Ni, the cor
responding values qualitatively coincide with FS intensity maxima [12]. So the 
low-field range is associated with the single-domain particles, while the multi-
domain particles can cause the high-field range. The absorption lines in the 
highest fields can be attributed to magnetization of the largest agglomerated 
particles with a high demagnetization factor. This interpretation was checked 
experimentally. The low-field part of FS is quite sensitive to the temperature 
because of K. So while the temperature decreases, the low-field part revers-
ibly moves to the higher magnetic field, leading to a mixing of the previously 
separated regions (Fig. 5b). 

The preparation of the Ni-dispersed specimen (Fig. 5a) includes ultrasonic 
dispersion, resulting (according to electron microscopy) in an increase of the 
number of small particles. If the Ni powder is stirred mechanically without ul
trasonic dispersion, the number of small particles is sufficiently small. One can 
see that in this case (Fig. 6) the spectrum is free of the low-field part, which is 
formed by the smallest particles. This is additional evidence of the FS connec
tion with magnetization in dispersed magnets. 

Thus, FMS FS is a concurrent and essential property of dispersed magnets. 
The observed spectra carry complex information about the geometric and mag
netic properties of particular powder particles and the interparticle interaction 
between them. 

4 Application of the FS Approach 

It is difficult to predict all possible areas of the FS phenomenon application. Any
way, the registration and analysis of FS can be used as a new tool for investi-
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gation and characterization of different nanostructured magnetic dispersed sys
tems. Figure 7 shows the FMR FS observed in the system consisting of oriented 
magnetic particles. The needle-shaped y-Fe203 particles are aligned along their 
easy magnetization axis in the thin layer. One can see that the range of FS is 
narrower when the magnetic field is perpendicular to the film plane and the easy 
axis of magnetic particles and it is observed in higher magnetic field (Fig. 7, 
curve 2b) as compared with the parallel situation (Fig. 7, curve lb) or randomly 
oriented powder (Fig. 4). This can be explained by the suppression of particle 
magnetic moments by the large film shape anisotropy in the plane. Therefore, 
when the magnetic field is perpendicular to the film plane, most of the particle 
magnetic moments are also perpendicular to the external magnetic field. In this 
case the resonance condition due to the film shape demagnetization factor leads 
to the FS observation in the narrow range of high magnetic fields. Thus, the 
analysis of the magnetic field values where FS is observable gives a unique pos
sibility to estimate the degree and quality of the particle orientation in the dis
persed system. 

FS was registered in the high-sensitivity condition in different systems: ox
ides, polymers and zeolites. It appeared that FS was caused by ferromagnetic 
impurities in all these systems. Figure 8 demonstrates an extreme example of 
this situation [16]. Spectra of the empty ESR Bruker EMX spectrometer cav-

Fig. 7. Integral FMR absorption spectra (curves la and 2a) and their FS (curves lb and 2b) that are 
observed in magnetically oriented systems of needle-shaped y-Fc,03 particles (length is about 0.5 urn) 
dispersed in the thin film. Particle easy direction lies in the plane of the film: magnetic field is parallel 
to the easy direction of magnetic particles (top) and perpendicular to the film plane and easy direc

tion of magnetic particles (bottom). 
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Fig. 8. Inherent spectrum of empty microwave cavity of Brukcr EMX ESR spectrometer before rins
ing (a) and after multiple rinsing (b). 

ity are shown. Note that the intensity of these spectra is extremely small in 
comparison with the intensity of the signals usually investigated by ESR and 
even FS FMR spectra shown above. Spectra in Fig. 8 are obtained by the 
digital accumulation of more than 100 scans. Signals that can be distinguished 
in Fig. 8a are probably due to the presence of dust on the inner cavity wall. 
Along with these signals one can observe the weaker but reproducible noiselike 
FS. After repeated cavity rinsing the intensity of the FS decreased by a factor 
of no more than 3-5, while broad signals almost disappear (Fig. 8b). Thus, 
the FS of the uncontrolled ferromagnetic impurities in the cavity material lim
its the real sensitivity of present-day ESR spectrometers and the FMR FS ap
proach can be used to monitor the presence of usually uncontrolled ferromag
netic impurities. 

The FMR FS approach appeared to be productive in the investigation of 
magnetic inhomogeneities in doped manganites demonstrating a colossal magne-
toresistance (CMR) effect. Spatial separation of the magnetic phases in mangan
ites [17, 18] was proposed to explain CMR phenomena [19, 20]. Despite the ex
perimental evidence of the spatial magnetic phase separation [21-25], a problem 
of such regions remains understudied. While the small-angle neutron scattering 
points to the nanometer size of ferromagnetic clusters [21, 24, 25], high-resolu
tion electron microscopy advocates for a much larger scale of the spatial phase 
separation [22]. As FMR FS is the concurrent feature of dispersed magnets it can 
be registered even in a single crystal because of spatially separated ferromagnetic 
domains. Indeed, the FMR FS approach appeared to be very sensitive to the tem-
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perature behavior of magnetic phase separation and correlates with magnetotransport 
properties. 

We investigated La07Pb03MnO3 single crystals grown by spontaneous crys
tallization from solution in melt [26]. The initially prepared crystals are cubes 
with a size of 4 by 4 by 4 mm and a shiny black surface. X-ray data show that 
the crystals are monophasic and have a perovskite-like rhombohedral structure 
with the R3c space group and the unit cell parameters a = 0.552370 nm and 
c = 1.340233 nm. Magnetostatic study in low magnetic fields on a vibrating 
sample magnetometer gave the temperature of transition to the ferromagnetic state 
Tc = 357 K. The spectra were registered on a Bruker EMX spectrometer. Mag
netic resonance studies were carried out on well-polished spherical specimens 
(~0.5 mm) to eliminate the shape anisotropy factor. 

Figure 9 shows the FMR absorption spectrum of La07Pb03MnO3 single crys
tal. The spectrum is typical for a magnetic inhomogeneous system and contains 
two absorption lines which may be associated with ferro- and paramagnetic 
phases occurring in a manganite single crystal [27]. However, rather weak and 
narrow absorption lines are revealed against the background of the wide FMR 
spectrum (Fig. 9b). Spectral characteristics of the observed narrow lines, the 
strong orientation dependence along with the strict reproducibility allow these 
lines to be assigned to the noiselike FMR FS revealed and investigated in dis-
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Fig. 9. FMR spectrum of La07Pb0,MnO, spherical single crystal, a General view, b FMR FS ob
tained after subtraction of the smooth background component. In the inset, curves cl and c2 form a 
sequence of FMR FS spectra obtained in independent registration scries at unchangeable specimen 
position in the spectrometer cavity, curve c3 denotes to the specimen turned by 1°, 7"reg = 296 K.. 
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persed magnets f 12]. At room temperature, the FS of La07Pb03MnO3 single crystal 
is observed over two regions of the magnetic field, from 600 to 2000 G with 
the maximum at 1400 G and from 2700 to 6000 G. With a temperature decrease, 
the two regions shift towards each other and at 105 K the FS is observed over 
one region of 2000-6500 G. The FMR FS is observed in a single crystal. It 
allows us to conclude that the manganite single crystal under study contains 
spatially separated ferromagnetic regions coupled by the dipole-dipole interac
tion. It should be noted that when studying lanthanum manganite powders with 
the FMR method, some authors [28, 29] encountered a manifestation of the 
FMR FS by registering the extra narrow lines against a background of the wide 
structureless signal. However, the FMR FS of the dispersed specimen is com
plicated because of the dipole-dipole interaction between individual powder 
particles; therefore, the magnetic phase separation has to be studied only in 
single crystals. 

Figure 10 shows the FMR FS spectra of the La07Pb03MnO3 single crystal in 
the vicinity of the Curie point. As the temperature increases, the low-field part 
of the FMR FS spectrum shifts towards the lower magnetic fields. Such behav
ior corroborates Eq. (1): the size of ferromagnetic domains and the crystallo-
graphic anisotropy constant decrease with the temperature growth resulting in the 
decrease of Ei_i and Eanh; and condition Eq. (1) is fulfilled for the lower mag
netic field. The FMR FS intensity decreases as the Curie point is approached. 
At 330 K, the low-field part of the FS disappears, while the high-field lines are 
registered at higher (up to 340 K) temperatures. This can be interpreted as fol
lows: the smallest ferromagnetic domains disappear first, while the large-scale 

H(G) 

Fig. 10. Sequence of the FMR FS spectra of La07Pb0JMnO3 single crystal at various temperatures of 
the specimen. 
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Fig. 11. FMR FS of the La„Pb0,MnO, single crystal at various temperatures of the specimen. The 
temperature stability and accuracy of its determination was better than 0.1 K. 

ferromagnetic dispersity remains practically up to the Curie temperature. The FS 
disappears totally at Tc when the transition of crystal to the homogeneous para
magnetic state takes place. It is interesting to note that the FS intensity drops at 
T~ 325-335 K at the maximum value of the magnetoresistance (inset in Fig. 
10), when the percolation of ferromagnetic domains takes place. 

Despite the high sensitivity to the specimen temperature it was experimen
tally demonstrated that FS is temperature-reversible. Figure 11 shows the FMR 
FS spectra obtained with the temperatures that differ by fractions of a degree. 
The similarity of the spectra was estimated by the cross-correlation function. One 
can see that with the temperature increase by 1.7 K, the spectrum essentially 
changes (Fig. 11a and b). When the temperature returns to its original value, 
the FMR FS returns to its original state (compare Fig. 11a and d). Thus, the 
spatial distribution of magnetic phases in the single crystal monitored by FS is 
temperature-reversible. 

5 Conclusion 

The FMR FS approach at some points in fact increases the sensitivity and reso
lution of the FMR technique and can provide new information about magnetic 
characteristics of dispersed magnets and magnetization inside them. It also pro
vides a unique possibility to measure directly the magnetic interparticle interac
tions in different dispersed systems. 

The results obtained for manganites demonstrated the capabilities of the FMR 
FS to study the magnetic phase separation phenomenon. The observation of FMR 
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FS corroborates with the concept of the spatial magnetic phase separation in 
manganite single crystals. The FMR FS is proved to be very sensitive to the 
temperature and geometry of magnetic phase separation in manganite single crys
tals. It is shown that the spatial distribution of magnetic phases in the single 
crystal monitored by FMR FS is temperature-reversible. These data enabled the 
conclusion that the development of the FMR FS approach can be a new origi
nal tool to study features of the system with the magnetic phase separation phe
nomenon. 
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