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Abstract

The temperature dependence of Ferromagnetic Resonance spectra, from 5 K to 280 K, was used to study the magnetic material pres-
ent in Neocapritermes opacus termite, the only prey of the Pachycondyla marginata ant. The analysis of the resonant field and peak-to-
peak linewidth allowed estimating the particle diameters and the effective anisotropy energy density, KEFF, as a sum of the bulk and
surface contributions. It allowed to magnetically distinguish the particles of termites as collected in field from those of termites after
3 days under a cellulose diet, introduced to eliminate ingested/digested material. The data also, suggest the presence of oriented magnetite
nanoparticles with diameters of 11.6 ± 0.3 nm in termites as collected in field and (14.0 ± 0.4 nm) in that under a cellulose diet. Differ-
ences between their KEFF and its components are also observed. Two transitions are revealed in the resonant field temperature depen-
dence, one at about 50 K that was associated to surface effects and the other at about 100 K attributed to the Verwey transition.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The influence of the geomagnetic field on the behavior
of animals has been studied for a long time through natural
phenomena such as migration, homing, etc. Studies on sev-
eral species of animals, including social insects, have shown
behavioral changes during orientation and navigation, as
response to the geomagnetic field [1–3]. The geomagnetic
field affects the nests building and the seeking for food in
different termite species [1]. The Neocapritermes opacus is
the only alive prey of the Pachycondyla marginata ant,
which presents a migratory behavior changing their place
nests in irregular intervals of time [4]. This ant migration
is significantly oriented and it is probably based on the geo-
magnetic field information [5] as magnetic material was
found in different body parts [6]. A magnetic particle as a
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sensor is one of the most accepted hypothesis for magneto-
reception, known as the ferromagnetic hypothesis.
Although the effect of the geomagnetic field in the behavior
of the N. opacus termite has not been shown yet, the pres-
ence of magnetic material in this prey-predator system can
be related to evolutionary aspects [7].

Ferromagnetic Resonance (FMR) is a useful technique
to characterize magnetic material because of the resonance
spectra sensitivity to the magnetic structure size and shape.
Although theoretical analysis are poorly developed to
describe all aspects of experimental results, the particle
shape, the diameter and the effective anisotropy constant
can be estimated from the temperature dependence analysis
[8–11].

Comparative FMR and SQUID magnetization mea-
surements have shown that N. opacus termite contains
much more magnetic material than P. marginata ant [7].
FMR data indicated that at least 97% of the magnetic
material is in the termite body [8]. However, these results
were obtained with the termite as collected in field, proba-
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bly containing biomineralized and ingested magnetic mate-
rial. Ingested material is not expected to be related to mag-
netic orientation as its properties would not be
reproducible. To achieve this functional purpose, particles
must be biomineralized, to assess the required magnetic
properties by physiological control. A decrease of the
absorption area of FMR spectra and of the saturation
magnetization, of N. opacus submitted to a cellulose diet
was observed, at 300 K, reflecting the elimination of
35 ± 5% of magnetic material. This diet cleans their guts
of ingested detrital material, reducing the contribution of
non-biogenic, soil-derived magnetic particles from the
analyses. Both techniques showed an apparent asymptotic
behavior of those magnetic parameters in the 1–3 day diet
period. Nevertheless, only the room temperature hysteresis
parameters, Hc (coercive field) and Jr/Js (remanent to sat-
uration magnetization ratio) were shown to be independent
of the diet condition, within the experimental error [12].

In the present paper, FMR temperature dependence was
complementarily used to refine the results, aiming to distin-
guish the magnetic material size and anisotropy constant in
termites as collected in field from those submitted to 3 days
of iron depleted diet.

2. Materials and methods

Neocapritermes opacus workers were collected in Campi-
nas, São Paulo, Brazil. Some of them were immediately
immersed in 2.5% glutaraldehyde solution (day 0 sample)
and the others fed with cellulose (paper filter) until death,
which took from 1 to 4 days (day 1 to day 4 samples).
No termite survives after this period. They were kept in
glutaraldehyde 2.5% for 1 week and then washed three
times with glutaraldehyde 2.5% in cacodylate buffer
0.1 M pH 7.4. The termites (day 0 and 3 samples) were
dried for 20 min just before measurement and transferred
to the Electron Paramagnetic Resonance (EPR) tubes. Ter-
mites were fixed with vacuum grease and oriented with the
long body axis perpendicular to the magnetic field.

Spectra were obtained with a commercial X-band
(m = 9.4 GHz) EPR spectrometer (Bruker ESP 300E) oper-
ating at a microwave power of 4 mW with a 100 kHz mod-
ulation frequency, 2 · 104 receiver gain and a modulation
field of about 2 Oe in amplitude. A helium flux cryostat
(Air products LTD-3-110) was used to control the temper-
ature measured with an Au–Fe · chromel thermocouple
just below the samples. The spectra temperature depen-
dence was performed after zero field cooling (ZFC) and
field cooling (FC) under 3 kOe magnetic field.

The resonant field, Hr, the field position where the spec-
tral intensity is null, its respective effective gef factor
(gef = hm/bHr) and the peak-to-peak linewidth, DHpp, were
obtained directly from the spectra. The spectra intensity,
SI, obtained by double integration of the experimental
derivative of the absorption spectra, was calculated using
the WINEPR software (Bruker). The asymmetry ratio,
AW = DHLF/DHHF were calculated, where DHLF and
DHHF are the field difference between the positions of half
maximum intensities, ymax/2, in low- and high-field in the
absorption spectra, obtained with WINEPR software.
3. FMR models and nanoparticles

As far as we know, there are few models to analyze
nanoparticles FMR spectra, in particular, the temperature
dependence [13–16], however they are limited to conditions
that can not be applied to biological magnetic nanoparticle
systems. Even so, they allow estimating parameters in
restricted temperature ranges.

A linear temperature dependence of Hr, at temperatures
higher than 100 K, is usually observed for superparamag-
netic nanoparticles [13,17–19]. It was proposed for syn-
thetic magnetite isolated nanoparticles that Hr is given by
Hr = xr/c � HA [14,15], where HA = 2KEFF/Ms is the
anisotropy field of spherical nanoparticles, Ms is the satu-
ration magnetization and KEFF = KB + KS is the effective
anisotropy energy density composed by the bulk (KB)
and surface (KS) components. The surface component
relates to the surface-to-volume ratio KS = (6/D)ks, where
D is the nanoparticle diameter and ks is the surface anisot-
ropy constant. Ms is temperature dependent, however, con-
sidering magnetite as the constituent, Ms can be taken as
approximately flat (470 Oe) for temperatures far below
the Curie point (850 K). Therefore, the temperature depen-
dence of the anisotropy field follows mainly the tempera-
ture dependence of the effective surface magnetic
anisotropy which was empirically associated to (6/D)ks =
keff * T where keff is a size-dependent coefficient, expressed
in units of erg/K cm3. From the linear fit of Hr(T) we
can obtain the intercept constant A and the slope B [14,15]:

A ¼ ðxr=c� 2KB=M sÞ ð1aÞ
B ¼ �2keff=M s ð1bÞ

The Hr shift with temperature has also been interpreted
considering the induced magnetization of the particle core
and its surrounding amorphous region. Hr was related to
the vm, the susceptibility of fast relaxing magnetization of
the boundary region, which should obey the Curie–Weiss
law, by Eq. (2):

v�1
m akH rðT Þ=ðH 0 � H rðT ÞÞaðT � hCÞ=C ð2Þ

where k is the magnetization interaction constant, hC the
Curie temperature of the amorphous boundary and H0 is
the high temperature saturation value of Hr [20].

It was observed that for temperatures higher than
100 K, the temperature dependence of DHpp follows the
relation given by

DH pp ¼ DH 0 tanhðDE=2kT Þ ð3Þ

where DH0 = 5gbSn/d3 and DE = KEFFV is associated to the
magnetic energy barrier height, KEFF is given by
KEFF = KB + keff * T and V is the particle volume. The
DH0 prefactor, which is the DHpp low temperature limit, in-
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cludes the Bohr magneton, b, the spin associated to the mag-
netic nanoparticle center, S, the number of magnetic centers
in the particle, n, and the particle–particle distance, d [21].

4. Results

Examples of N. opacus spectra of the day 0 and day 3
ZFC samples are shown in Fig. 1. The spectra are com-
posed of a broad line (DHpp > 1000 Oe) in the region of
g = 2, called HF, previously associated to isolated nano-
particles [8]. The signal intensity decreases and the line-
width increases as temperature decreases. The FMR
spectra at low temperatures present a line at g = 4.3 asso-
ciated to magnetically isolated high spin (S = 5/2) Fe3+

ions in a low symmetry environment. A Mn six lines struc-
ture centered at g = 2.01 is easily observed at 10 K. Both
Fe and Mn signal intensities strongly decrease with increas-
ing temperatures and they are not observed at high
temperatures.

Only the FC day 0 sample spectrum presents a unique
line with the maximum at g = 3.1 clearly observed at
10 K (Fig. 1). This spectral feature has not been previously
observed in the spectra of other social insects. It shifts to
high field values as temperature increases and it is not
resolved at temperatures above 50 K.

The gef values obtained for each spectrum are in the
range from 2.10 to 2.32. The AW = DHLF/DHHF are
1.15 ± 0.05, except for day 0 sample spectra, at 5 K and
10 K, which AW is less than 1. This reduction is due to
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Fig. 1. FMR spectra of day 0 and day 3 samples, under 3000 Oe field
cooling (FC) and zero field cooling (ZFC) conditions.
the contribution of the g = 3.1 component resolved at these
temperatures.

The temperature dependence of the Hr reveals two linear
regions with a slope change in the 100–120 K range for day
0 sample and in the 70–100 K range for day 3 sample
(Fig. 2). A shoulder is observed in the curve of the day 0
sample around 100 K that is not clear in the day 3 sample
curve. At lower temperatures the decrease of Hr with the
temperature is more accentuated independent of the cool-
ing condition. A minimum is observed at a temperature
that depends on the sample. For both samples, the increase
of Hr at temperatures lower than that of the minimum is
less intense in the FC than ZFC condition. The weak effect
of field cooling is reflected on this minimum that occurs
around 40 ± 10 K for day 0 sample, independent of the
cooling condition. In day 3 sample curves it is observed
at about 30 K under the ZFC but it is not present under
the FC condition, which Hr is nearly constant below
10 K. This behavior is similar to that obtained for P. mar-

ginata abdomens [10] and in particular, the FC day 3 sam-
ple curve presents the same behavior as observed for the N.

opacus body without diet [8].
The parameters A (Eq. (1a)) and B (Eq. (1b)) obtained

by the linear regression of the curves in Fig. 2, for both
temperature ranges are given in Table 1. In the high tem-
perature range, the parameter A is larger in the day 3 sam-
ples than in the day 0 samples while for the low
temperature range the A values are the same, within the
experimental error. Taking g = 2.12, for magnetite at
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Fig. 2. Temperature dependence of the resonance field (Hr) showing the
two fitted linear regions. FC (h, solid line) and ZFC (j, dashed line)
conditions.



Table 1
Fitting parameters of the Hr linear temperature dependence and bulk anisotropy constant (see text for definitions)

Sample Fitting temperature range (K) A = xr/c � 2KB/Ms (Oe) B = �2keff/Ms (Oe/K) KB (erg/cm3)

Day 0 ZFC 50–100 2834 ± 32 2.0 ± 0.4 (7.8 ± 0.8) · 104

150–280 2875 ± 11 0.94 ± 0.05 (6.9 ± 0.3) · 104

Day 0 FC 30–100 2865 ± 14 1.6 ± 0.2 (7.1 ± 0.3) · 104

120–280 2906 ± 7 0.79 ± 0.03 (6.2 ± 0.2) · 104

Day 3 ZFC 30–70 2851 ± 63 3 ± 1 (7 ± 2) · 104

70–280 3036 ± 6 0.41 ± 0.03 (3.1 ± 0.1) · 104

Day 3FC 10–70 2851 ± 19 2.7 ± 0.4 (7.4 ± 0.5) · 104

70–280 3028 ± 3 0.45 ± 0.02 (3.29 ± 0.07) · 104
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Fig. 3. v�1a Hr/(H0 � Hr) temperature dependence. hC is the Curie–Weiss
temperature of the boundary amorphous region (see text). FC (h, solid
line) and ZFC (n, dashed line) conditions. The dotted curves are guide for
the eyes.
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300 K, MS = 470 Oe and m = 9.44001 GHz, KB is calcu-
lated and given in Table 1. The KB values for the low tem-
perature range are almost the same for all conditions,
about 7 · 104 erg/cm3, as well as for the day 0 sample at
high temperature range, while for the day 3 sample the
value decreases to 3.2 · 104 erg/cm3. In the high tempera-
ture range the parameter B, which is inversely proportional
to the diameter, varies from 0.41 to 0.94 and from 1.6 to 3
in the low temperature range. It is independent of the field
cooling condition for day 3 sample. B values of day 0 sam-
ple are higher than day 3 sample at high temperatures and
the opposite in the low temperature range.

Around 300 K the day 0 sample KS surface contribution
are (�6.6 ± 0.3) · 104 erg/cm3 and (�5.6 ± 0.2) · 104 erg/
cm3 for ZFC and FC conditions, respectively, while the
day 3 sample value is about half of the day 0 sample KS

(�3.0 ± 0.2) · 104 erg/cm3. Magnetic diameters (D) are
interpolated, as (11.8 ± 0.2) nm and (13.5 ± 0.2) nm for
day 0 and day 3 samples, respectively, considering the lin-
ear relation between the B coefficient and 1/D from the
magnetite nanoparticles data [14,15]. The surface anisot-
ropy density, kS = 6KS/D, is then estimated as
1.2 · 10�2 erg/cm2 and 0.6 · 10�2 erg/cm2 for day 0 and
day 3 samples, respectively. Only the day 3 FC sample
shows a Hr saturation tendency for T P 250 K. The Hr val-
ues at high temperatures of each sample (Fig. 3) were then
used to obtain the v�1

mðT Þ behavior given by Eq. (2). A lin-
ear decrease of v�1

m with decreasing temperature can be con-
sidered for T P 200 K, with hC in the 185 K to 210 K and
155 K to 185 K for the day 0 and day 3 samples,
respectively.

By the other hand, the area under the absorption curve,
SI, is proportional to the total susceptibility, v. The nor-
malized SI temperature dependence (Fig. 4) presents a
maximum in the 70–120 K range and a shoulder at
200 K. A sharp increase below 50 K is observed (insert),
except for a decrease at T = 5 K in the day 0 ZFC sample,
not plotted in Fig. 4 to evidence the other curve features.
The change of the SI and a large shift of Hr in the 70 K
to 120 K range are confirmed by spectra superimposition,
clearly seen in the day 3 sample data (Fig. 5). The two
low temperature transitions, about 50 K and 100 K, corre-
late to those observed in the Hr(T) curves, while the shoul-
der at higher temperatures could be associated to blocking
temperatures, as usually observed in v(T) by
magnetometry.

The resonance linewidth (DHpp) temperature depen-
dence is not affected by the cooling condition within the
experimental error (Fig. 6). The experimental data at the
high temperature range, at least T P 100 K, were fitted
with equation [3], because only the data in this temperature
range obey this equation. Taking KB and keff values of the
high temperature range in Table 1, the fitted V values yield
magnetic diameters of 11.4 ± 0.4 nm (day 0 sample) and
14.6 ± 0.6 nm (day 3 sample). The best-fit parameters
obtained for DH0 are (1270 ± 20) Oe and (1135 ± 20) Oe
for day 0 and day 3 samples, respectively.



0 50 100 150 200 250 300

0.90

0.95

1.00

50 100 150 200 250 300
0.86

0.88

0.90

0.92

0.94

0.96

175K

105K

S
I n

or
m

T(K)

day  0

0 50 100 150 200 250 300

0.85

0.90

0.95

1.00

50 100 150 200 250 300

0.85

0.86

0.87

0.88

0.89

0.90

0.91

0.92

210 K

110K

S
I n

or
m

T(K)

day 0

0 50 100 150 200 250 300
0 50 100 150 200 250 300

0.85

0.90

0.95

1.00

50 100 150 200 250 300

0.85

0.86

0.87

0.88

205K

80K

S
I n

or
m

T(K)

day  3

0.90

0.95

1.00

50 100 150 200 250 300
0.85

0.86

0.87

0.88

0.89

0.90

0.91

170K

85K

S
I n

or
m

 

T(K)

day  3

Fig. 4. Temperature dependence of FMR spectra normalized absorption area, SI. FC (h, solid line) and ZFC (n, dashed line). Inserts show T = 5–280 K
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5. Discussion

The consistent decrease of the absorption area, SI, and
the saturation magnetization, Js have shown that N. opacus

termite eliminates magnetic material when submitted to a
cellulose diet, with an apparent stability after the third
day [12]. Based on this result, only day 0 and day 3 samples
were considered for the present analysis. Electron micros-
copy and magnetometry studies of other termite species
have also used specimens after 3 days of cellulose diet
[22]. The spectra present only a high field (HF) component,
as previously observed [8,12], in contrast with other social
insects that show two spectral components [9–11]. The line
at g = 3.1 was not previously observed in other insect sam-
ples preserved in ethanol 80%, which can be associated to a
material or structure that is not preserved with ethanol
and/or it is eliminated by the iron depleted diet. Neverthe-
less, differences among individuals, nests and collects at dif-
ferent seasons could be responsible for the observed
unexpected behavior or spectral changes mainly associated
to the termite function in the nest.

The Curie–Weiss temperature ranges of the particle sur-
face in the day 0 and day 3 termites are in good agreement
with the 180 K value obtained for 4–5.5 nm superparamag-
netic magnetite particles [20]. The g values extrapolated for
high temperatures are between 2.13 and 2.15, in good
agreement with the 2.12 magnetite value. The asymmetry
ratio (AW–1) indicates the presence of superparamagnetic
magnetite nanoparticles [23]. These results support the
hypothesis of magnetite nanoparticles as the main mag-
netic particle constituent in the N. opacus termite.

The Hr temperature dependences are characterized by
two linear regions (Fig. 2) with a marked decrease below
100–120 K and 70–100 K for day 0 and 3 samples, respec-
tively, and a minimum at lower temperatures (30–50 K).
This behavior was observed for other magnetic nanoparti-
cles systems. c-Fe2O3 nanoparticles with a bimodal distri-
bution of sizes below 10 nm, embedded in a polymer
presented a Hr crossover temperature at about 40 K [24],
while for 4 nm diameter particles, it was observed at
120 K [25], in good agreement with the observed lower
crossover temperature of the sample 3 particles with larger
diameter than those of sample 0. It was shown that the
presence of a minimum at low temperatures (20 K) depends
on the degree of dispersion of the sample [25]. Magnetite
particles forming a binary system with carbide (Fe3C) at
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low concentrations of 0.1% and 0.3% in a polymer showed
an abrupt Hr change at about 115 K and 105 K and a min-
imum at 75.5 K and 50 K, respectively, suggesting that par-
ticles concentration in the day 3 is slightly higher than in
day 0 sample [26,27]. The lower temperature transition
(�50 K) has been proposed to be associated to the exis-
tence of a ferrimagnetic core surrounded by a surface layer
of canted spins undergoing a spin-glass-like transition to a
frozen state at this temperature. It was correlated to the
sudden increase of the magnetization in the FC curves at
the same temperature of to the crossover Hr temperature
of maghemite nanoparticles [24,25]. A magnetization
increase is clearly revealed at about 54 K in FC curves of
this termite specie (unpublished data). Although the cross-
over of the two linear regions of Hr(T) are above 54 K the
minimum in the curves and the ZFC/FC magnetization
curves suggest a surface effect expressed through keff. This
Hr behavior combined with linewidth broadening with
decreasing temperatures has been described as typical of
superparamagnetic particles. The DHpp temperature depen-
dence does not show the noticeably broadening with the
decreasing of the temperature observed in maghemite
nanoparticle systems [24,25], but the observed behavior is
similar to maghemite plus FeC and magnetite nanoparti-
cles systems [25,28].

The estimated magnetic diameter of particles in the day
0 sample is lower than 18.5 ± 0.3 nm previously reported
[8]. This difference results from the average HA value con-
sidered before in the fitting of DHpp with Eq. (3) instead of
its linear temperature dependence as in the present paper.
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Although the present result is based on a phenomenologi-
cal approach for the Hr temperature dependence; it should
be a better approximation as it can be considered in the
DHpp temperature dependence. Moreover, the diameters
estimated from both Hr and DHpp are in good agreement
one with each other.

It is interesting to note that the analyses of Hr data of mag-
netite nanoparticles were considered in the restricted temper-
ature range from 100 K to 250 K [14,15]. In this paper the
analysis was applied to the two linear regions of Hr. The high
temperature range termite data yield to parameters in good
agreement with those of the magnetite nanoparticles. The
transition associated to the Hr slope change at about 100 K
is confirmed by the SI change by spectral superimposition.
A similar result was observed for 45 nm magnetite particles,
which FMR signal intensity abruptly decreases at approxi-
mately 120 K as temperature decreases. It was associated
to the Verwey transition [29]. The observed transition can
be related to a shifted Verwey temperature, as already sug-
gested for magnetite particle in other insects [9,11], as it is
sensitive to the presence of impurities [30,31] and oxidation
degree that can even suppress the transition and it affects
more intensively small grains [28].

This analysis indicates the presence of nanoparticles
with a positive bulk anisotropy contribution, in contrast
with the well known �1.35 · 105 emu/cm3 bulk magnetite
value. The present approach results in Ks or ks with the
same order of magnitude of maghemite nanoparticles [16]
and that appear as a relevant contribution to the total
magnetic anisotropy. Size effects on the bulk anisotropy
and anisotropy surface contribution are superparamag-
netic properties frequently mentioned, but estimates val-
ues are rare or disregarded, to simplify calculations
[16,17].

Considering magnetite, the differences between the
materials in termites, submitted or not to diet, are
revealed by the estimated KB constant, the size-dependent
coefficient, keff, and the mean particle diameter of a par-
ticle size distribution [32]. The KB and keff values of day 3
sample are about half of those of day 0, while the esti-
mated magnetic diameter of day 3 sample is slightly lar-
ger than the day 0 sample value, suggesting that
magnetic particles of different size were eliminated by ter-
mite under the iron depleted diet. Considering that KB

should be volume independent and that only 35% of
the magnetic material was eliminated by the termite
under diet, the presence of other magnetic oxides, than
magnetite, should be taken into account. Despite this
assessment, the similarity of the termite Hr and DHpp

temperature dependences to that of synthesized nanopar-
ticles, suggests the presence of magnetite in this insect. It
is also important to bear in mind that the obtained values
are estimates based on simplified models [14,15,20] on
isolated nanoparticles for which interparticle interactions,
for example, are disregarded.

6. Conclusions

The present temperature dependence results reveals the
diet effect on the averaged estimated magnetic parameters
of the particles, that was not observed by previous RT
FMR and magnetometry measurements [12].

The weak effect of the cooling field, shown by the simi-
larity of the ZFC and FC magnetic parameters (Table 1
and Figs. 2, 3 and 6), indicates a high fraction of orientated
particles with the easy magnetization axis parallel to this
field, that is, perpendicular to the long body axis of the ter-
mite, as previously suggested [8].

The termite magnetic particle system seems to be
composed of superparamagnetic particles of �14 nm
instead of single domain particles associated to magne-
totaxy in microorganism and magnetoreception in other
animals [2]. Nevertheless, it has been proposed that a
cluster of superparamagnetic particles could self-organize
in chains that behave themselves as a compass under
determined magnetic fields [33], therefore the orientation
system is not limited to single domains (SD). The ter-
mite particle sizes are larger than the 1–5 nm magnetite
grain sizes identified in the upper beak tissue of pigeons
[34], recently demonstrated to be associated to maghe-
mite particles in a complex structure [35]. Those parti-
cles are, however, in the range of those find in other
insects [9–11], in particular, its predator, the P. margin-

ata ant, stimulating the study of the evolutionary aspect
in this prey-predator system. The size and orientation of
the termite magnetic particles fulfill functional character-
istics, as those of magnetoreceptive systems in social
insects.
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