PHYSICAL REVIEW B

VOLUME 52, NUMBER 1

1 JULY 1995-1
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Samples of interacting nanosized maghemite particles have been studied by Mdssbauer spectroscopy
and magnetization measurements. The apparent blocking temperatures obtained from Mossbauer spec-
troscopy and zero-field-cooled magnetization curves are nearly identical, but the values obtained from
measurements of the decay of remanence are much lower. These results are not in accordance with the
Néel model for superparamagnetic relaxation, but can be explained by the formation of an ordered spin-
glass-like state at low temperatures. At a critical temperature a transition to a superparamagnetic state
takes place. By varying the average interparticle distance it is possible to change the ordering tempera-

ture.

I. INTRODUCTION

Nanometer-sized particles of magnetic materials are
superparamagnetic at finite temperatures. For nonin-
teracting particles with uniaxial magnetic anisotropy, the
superparamagnetic relaxation can be described by the
Néel expression!
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where k is Boltzmann’s constant, 7 is the temperature, K
is the magnetic anisotropy energy constant, and V is the
particle volume. 7, is typically of the order of
10719210712 5.27* Superparamagnetic relaxation can
conveniently be studied by using Mdssbauer spectroscopy
and magnetization measurements. When using
Mossbauer spectroscopy, it is found that the super-
paramagnetic relaxation results in a broadening of the ab-
sorption lines for relaxation times of the order of 107 %5,
and for 75107 % s, the magnetic hyperfine splitting disap-
pears. Because of the particle size distribution in the
samples, there will normally be a broad distribution of re-
laxation times [cf. Eq. (1)]. The blocking temperature T3
is often defined as the temperature at which 50% of the
spectral area is magnetically split. This corresponds to
an average relaxation time of about 5X 10 % s.

When studying superparamagnetic relaxation by use of
magnetization measurements, a common technique is to
measure the zero-field-cooled (ZFC) magnetization, i.e.,
the magnetization in a small applied field as a function of
increasing temperature after the sample has been cooled
in a zero field. The ZFC magnetization will exhibit a
maximum at the blocking temperature Ty at which the
relaxation time equals the time scale of the magnetization
measurements (10—100 s). A distribution in particle size
will result in a shift of the maximum to a temperature
T max =BTy where Ty is the blocking temperature for
particles with an average volume.>$ Typically, B is of the
order of 1.5-2.0.%

When superparamagnetic particles are brought close
together, the magnetic interaction (dipole and/or ex-
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change interaction) will affect the superparamagnetic re-
laxation. Interaction effects have been studied in several
systems based on antiferromagnetic,”® ferrimagnet-
ic,>®7 1 and ferromagnetic!”~?° particles in the form of
powders,”° solidified suspensions,>!°"16 or granular
solids. 72 Several studies have revealed an apparent in-
crease in the blocking temperatures T4 and T§ when the
average interparticle distances are decreased. This sug-
gests that the relaxation time increases when the interac-
tions are enhanced. This interpretation is in accordance
with theoretical models by Shtrikman and Wohlfarth?!
and by Dormann, Bessasis, and Fiorani. 19 However, re-
cent M3ssbauer studies!!!? of samples of weakly interact-
ing maghemite particles have shown that the blocking
temperature TH! decreases with increasing strength of the
interaction. A model for the influence of interactions on
the superparamagnetic relaxation time was derived which
could explain the Mossbauer results.'? The same samples
showed, however, an increase in the temperature of the
maximum in the ZFC magnetization with increasing
strength of the interactions, i.e., an apparent increase in
the relaxation time.!! The values of T,,, were much
lower than the values of T3 It has been suggested that
the maximum in the ZFC magnetization for the concen-
trated samples should be explained by an ordering tem-
perature instead of superparamagnetic blocking. '?
Calculations on three-dimensional cubic arrays of di-
poles, which interact only via dipolar interactions, have
shown that magnetically ordered states exist below a crit-
ical temperature.??”2* When the dipoles form a simple
cubic lattice, the ground state is antiferromagnetic, and
for the fcc and bec lattices, it is ferromagnetic. When the
dipoles form chain-like structures, the ordering will also
be ferromagnetic.?>~?’ In samples with a random distri-
bution of magnetic dipoles, the ordered state will resem-
ble a spin glass.”%!*23%2% For magnetic moments of the
order of a few Bohr magnetons, the ordering tempera-
tures will be in the millikelvin range, but for particles
with magnetic moments of several thousand Bohr magne-
tons, the ordering temperature can be much higher. If
the particles are in close contact, the exchange interac-
tion between surface atoms belonging to neighboring par-
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ticles may be significant and this can further increase the
ordering temperature.

The onset of this type of ordering in materials contain-
ing nanometer-sized magnetic particles may be difficult to
distinguish from superparamagnetic blocking of nonin-
teracting or weakly interacting particles. In Mossbauer
spectroscopy studies, one will find the disappearance of
the magnetic hyperfine splitting both at the blocking tem-
perature of superparamagnetic particles and at the order-
ing temperature of strongly interacting particles if
751077 s above the ordering temperature. ZFC magne-
tization measurements will exhibit a maximum close to
the blocking temperature of superparamagnetic particles,
and for strongly interacting particles a maximum will be
found at the ordering temperature if 7510 s above this
temperature.

Because the time scale of Mdssbauer spectroscopy is
much shorter than that of magnetization measurements,
the blocking temperature T} of noninteracting or weakly
interacting particles is much higher than T7'. When the
strength of the interaction is intermediate, one may ob-
serve superparamagnetic blocking in Mossbauer experi-
ments while the maximum in the ZFC magnetization
curve may be due to ordering. In the case of strong in-
teractions, the critical temperatures found in both
Mossbauer and magnetization measurements may be due
to ordering. The behavior of magnetic nanocomposites
as a function of the strength of the interactions has been
discussed in more detail in a recent publication.?

In this paper the effects of interactions between
nanometer-sized maghemite (y-Fe,03;) particles are ex-
amined by combining Mdssbauer spectroscopy and mag-
netization measurements. Studies were made of coated
particles both in suspension and in dry powder form and
of uncoated dried particles. The effect of pressing the dry
samples was also investigated. Both the drying and the
pressing are expected to decrease the average interparti-
cle distance and thus result in stronger particle interac-
tions. Some preliminary results have been published ear-
lier.3° The same maghemite particles have also been used
for studies of spin canting. !

II. EXPERIMENTAL DETAILS

The initial sample, consisting of magnetite (Fe;O,4) par-
ticles, was prepared by coprecipitation of Fe(II) and
Fe(IIl) in an aqueous solution. Half of the sample was
coated with oleic acid, and then both samples were
washed with water and dried. Before the drying some of
the coated particles were separated and suspended in vac-
uum oil, producing a ferrofluid. Upon exposure to air,
both the particles in the ferrofluid and the dried particles
oxidized to maghemite. Some of the powder of both the
coated and uncoated particles was uniaxialy compressed
at room temperature at pressures in the range 120-1280
MPa.

The Mossbauer spectra were obtained using constant-
acceleration spectrometers with sources of >’Co in rhodi-
um. The spectrometers were calibrated with a 12.5-um-
thick a-Fe foil at room temperature.

Magnetization measurements were carried out using a

standard vibrating-sample magnetometer. The zero-
field-cooled (ZFC) magnetization was obtained by cooling
to about 4 K in zero magnetic field and then applying a
small magnetic field, and measuring the magnetization
100 s later. The temperature was then increased in steps
and the procedure repeated. For the measurement of the
temperature decay of isothermal remanent magnetization
(IRM), the sample was cooled to 4 K in zero field. A sat-
uration field was applied—1 T is normally large
enough—and the saturation magnetization M (T) mea-
sured. The field was then removed, and 100 s later the
remanent magnetization M,(T) was measured. The sam-
ple was warmed up in small steps and the procedure re-
peated at each temperature.

Electron micrographs were obtained using a Philips
EM 301 and a Philips EM 430 microscope.

Energy-dispersive x-ray-diffraction spectra were ob-
tained by measuring the energy spectrum of scattered
white x-ray radiation. From the line broadening of the
diffraction peaks, an estimate of the mean crystallite size
could be deduced. *2

III. RESULTS

The particle size distribution was estimated from the
room-temperature magnetization curve by using the
method developed by Chantrell, Popplewell, and
Charles,* assuming a log-normal distribution of the par-
ticle diameters d:

(Iny)?

2
20y

f(y)zi1 exp

, 2
(2,".)1/20,yy ( )

where y =d /d,, and d,, is the median diameter.

The data and analysis are given in Ref. 31. The medi-
an size d,, was found to be 7.5 nm with a standard devia-
tion 0 ,=0.43.

The electron micrographs showed that the particles
were fairly spherical. The particle size estimated from
the micrographs and from the energy-dispersive x-ray-
diffraction spectra was within the experimental uncer-
tainty in accordance with the results obtained from mag-
netization measurements. The coated and uncoated
maghemite particles were found to have the same average
diameter within experimental error.

Room-temperature Mossbauer spectra of the coated
particles, obtained in various applied magnetic fields up
to 0.6 T, are shown in Fig. 1. At B =0.01 T, the spec-
trum consists essentially of a quadrupole doublet with
broad lines. With increasing applied fields, a substantial
magnetic hyperfine splitting is induced. Such a field
dependence shows unambiguously that the particles are
superparamagnetic at room temperature.?%>* From the
field dependence of the magnetic hyperfine splitting, an
average magnetic moment of 1.06 X107!° JT™! was es-
timated using a procedure described elsewhere.?%3* As-
suming that the saturation magnetization is the same as
for bulk maghemite and that the particles are spherical,
this corresponds to an average particle diameter of 7.5
nm in agreement with the results obtained by the other
techniques.
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FIG. 1. Mossbauer spectra of the coated maghemite particles
obtained at 295 K with the indicated values of magnetic fields
applied perpendicular to the y-ray direction.
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FIG. 2. MG{ssbauer spectra of the coated maghemite particles
in a frozen ferrofluid obtained at various temperatures.
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Figure 2 shows Mdssbauer spectra of the suspended
maghemite particles in a range of temperatures well
below the melting point of the carrier liquid. The mag-
netically split spectrum at 13 K is typical for maghemite
particles, with a hyperfine field of about 51 T and a slight
asymmetry in both the linewidth and intensity due to a
small difference in the parameters of the two sites in the
spinel structure. The observed hyperfine field is lower
than for bulk maghemite (about 52.6 T at 4 K), but for
nanoparticles’® 73" and thin films*® a reduced value is usu-
ally found. With increasing temperatures (80, 130, and
176 K), there is a gradual collapse of the magnetically
split component to a superparamagnetic doublet. There
is also an increasing degree of the asymmetric broadening
of the lines of the sextet with increasing temperature.

Mossbauer spectra of the dry powders of coated and
uncoated maghemite particles are shown in Fig. 3. There
is relatively little difference between the spectra of the
coated particles in suspended and dry form, except for a
slightly slower collapse of the sextet with increasing tem-
perature for the dry sample. A much more significant
difference is observed when comparing the behavior of
uncoated and coated particles. In the case of uncoated
particles, no superparamagnetic doublet is present in the
spectra at 80 and 130 K and a significant collapse of the
sextet is first observed in the spectra at 234 K. The spec-
tra of the coated particles show a small contribution from
a doublet already at 80 K, and at 130 K the relative area
of this contribution has increased considerably.
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FIG. 3. Mossbauer spectra of (a) coated and (b) uncoated
maghemite particles obtained at the indicated temperatures.



290 MORUP, BODKER, HENDRIKSEN, AND LINDEROTH 52

p—— JUARV g - v
e, s 3 .,
"~ 7 K e, Faad
234K d 234 !
PO A e d
i A
S ;
3
/-VI
L 7~
\"\ ‘J‘
205 K i
i
.'.n.'
Ay, g ’ﬁa..
Faiu ™2

-12 -8 -4 0 4 8 12 -12 -8 -4 0 4‘
Velocity (mms'1) Velocity (mms™)

FIG. 4. Mossbaeur spectra of (a) coated and (b) uncoated
maghemite particles after uniaxial pressing at 640 and 1280
MPa, respectively. The spectra were obtained at the indicated
temperatures.

Figure 4 shows Mossbauer spectra of the coated and
uncoated particles after uniaxial pressing at 640 and 1280
MPa, respectively. For the coated particles, the pressing
has no visible effect on the spectra, but the effect on the
uncoated sample is quite significant. Spectra with
asymmetrically broadened lines, but without a visible
doublet, prevail up to about 234 K, after which there is a
relatively sudden collapse of the magnetically split com-
ponent. Pressing the uncoated sample with a lower pres-
sure of 120 MPa yields spectra (not shown) which display
a behavior that is intermediate between those of the
unpressed sample and the sample pressed at 1280 MPa.

The blocking temperatures were estimated by fitting
the spectra with sextets and doublets. The results are
given in Table I. Because the lines are broad and asym-
metric, the spectra were difficult to fit with a limited
number of Lorentzian lines, and therefore the uncertain-
ties on the blocking temperatures are of the order of 30
K. However, the uncertainty in the difference in block-
ing temperatures for the samples is considerably smaller,
about 5-10 K.

The ZFC magnetization of all the samples was mea-
sured with an applied field B, =2.2 mT after cooling in
zero field. The ZFC magnetization curves are plotted in
Fig. 5. All curves have a maximum typical both for spin
glasses and single-domain particles. The shift of the max-

TABLE 1. Apparent blocking temperatures T# obtained
from MGéssbauer spectroscopy and the temperature of the peak
in the ZFC magnetization curves, T,,,,, for 7.5-nm maghemite
particles in samples with different packing fractions. The ZFC
magnetization curves were measured in an applied magnetic
field of 2.2 mT. The uncertainty in the absolute values of T3 is
about 30 K and about 10 K for T,,,-

Tgl Tmax
Sample (K) (K) TY/T pax
Coated suspended 155 110 1.4
Coated dried 170 148 1.2
Coated pressed 170 142 1.2
640 MPa
Uncoated dried 210 185 1.1
Uncoated pressed 230
120 MPa
Uncoated pressed 265 210 1.3
1280 MPa
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FIG. 5. ZFC magnetization curves (obtained with B, =2.2
mT) for various samples of 7.5-nm maghemite particles. The
curves are normalized to unity at the peak value.
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FIG. 6. Value of T, as a function of B.,, for the uncoated
and uncoated pressed (1280 MPa) samples.

imum toward higher temperatures when the interparticle
distance decreases shows the same general tendency as
found for the blocking temperatures obtained from the
Mossbauer spectra. In addition to the shift, there is also
a tendency toward increased broadening of the peak.
The peak temperature T, ,, is 110 K for the ferrofluid
and increases up to 210 K for the uncoated particles after
pressing at 1280 MPa. The values of T,,, are given in
Table I. Earlier studies of ZFC magnetization of small
particles have shown that the value of T ,, depends on
B> The zero-field value T, (0), obtained by ex-
trapolating to B, =0, should be used as a basis for a dis-
cussion of the relaxation behavior. Figure 6 shows the
measured values of T, as a function of B,,, for the un-
coated and uncoated pressed (1280 MPa) samples. It is
seen that T, increases with decreasing values of B,,,.
Extrapolation to B,,, =0 yielded values of T,,(0) which
are 10-15 % larger than the values of T, obtained at
2.2 mT. Thus we can conclude that the values of T} and
T ,ax(0) are nearly identical for the powder samples.

The decay-of-remanence curves were measured for
several samples with different packing fractions. Figure 7
shows the reduced remanence data as a function of tem-
perature for the coated dry particles before and after
pressing (640 MPa) and for the uncoated particles when
dried and after pressing at 240 and 1280 MPa. We have
analyzed the results using the standard relation for the
temperature variation of the reduced remanence (normal-
izesdagto the measured saturation magnetization) given
by”

MAD) MO o ;
MJ(T) M,(0) fT/Tgf(y 7 ®)

where Tp is the median blocking temperature,
y =Ty /Ty is the reduced blocking temperature, and
M, (0)/M(0) is the reduced remanence at 0 K.
M,(0)/M (0) should be 0.5 for uniaxial particles with a
random orientation of the easy axes. The distribution
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FIG. 7. Variation of the reduced isothermal remanence with
temperature for the maghemite particles when (a) coated and (b)
uncoated. The solid lines represent the best fit of the data with
a standard decay-of-remanence model.

f (y) of reduced blocking temperatures is assumed to be a
log-normal function. The best fits with Eq. (3) to the data
for the coated pressed, uncoated, and uncoated pressed at
1280 MPa are shown by the lines in Fig. 7. The free pa-
rameters are M,(0)/M(0), the median blocking tempera-
ture, and the standard deviation o,. The values obtained
are given in Table II. A relatively good fit with a stan-
dard deviation of about o,=1.15 is obtained for all sam-
ples except the uncoated sample pressed at 1280 MPa,
where a lower standard deviation of about 1.0 gives a
better fit. For noninteracting particles we would expect
the f(y) distribution to be similar to the distribution of
reduced particle volumes, assuming that the change in
the anisotropy constant with size and temperature is
negligible. The standard deviation o, should then be
equal to 30 ;,=1.29, which is slightly larger than the ex-
perimentally measured value for most of the samples.
For the uncoated particles which have been pressed at
1280 MPa, the deviation is larger. The values of Ty are
almost identical for the coated and uncoated, dried sam-
ples, but after pressing the uncoated particles at 1280
MPa, Ty increases significantly.
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TABLE II. Parameters obtained from a fit of the decay of
remanence data for different samples of the maghemite parti-
cles, assuming a log-normal distribution of the blocking temper-
atures. The uncertainties are about 0.02 for the reduced
remanence M,(0)/M,(0) at O K, about 0.1 for the standard de-
viation o, and 2-3 K for the median blocking temperature T;.

T
Sample M,(0)/M,(0) o, (K)
Coated suspended 0.37 1.15 17
Coated dried 0.33 1.15 19
Coated pressed 0.34 1.15 19
640 MPa
Uncoated dried 0.32 1.15 20
Uncoated pressed 0.30 1.15 21
240 MPa
Uncoated pressed 0.33 1.0 27
1280 MPa

IV. DISCUSSION

For noninteracting superparamagnetic particles, the
blocking temperatures, estimated from Mdssbauer spec-
troscopy and magnetization measurements, differ consid-
erably because of the different time scales of the two tech-
niques. By use of Eq. (1), one finds that the ratio be-
tween the two blocking temperatures is given by

3" In(r, /7o)

=m0 4
Ty  In(ry /1) @

where 7, and 7,, are the time scales of magnetization
measurements and Mgssbauer spectroscopy, respectively.
The value of 7, is in the range 1071°-10712 5.27* Insert-
ing 7,,=100 s and 7,,=5X 10" s, we find that the ratio
T} /T§ should be in the range 4—7. Because of the par-
ticle size distribution, the peak temperature T',,,, in ZFC
magnetization measurements may be larger than T3 by a
factor =1-2. Therefore one would expect that the ra-
tio TH /T 1.,(0) is in the range 2—7. For noninteracting
maghemite particles with diameters of about 7.5 nm, the
ratio is of the order of 5.!' For isolated particles one
would also expect that the blocking temperatures, es-
timated from the ZFC magnetization curve and from
measurements of the isothermal remanence, should be
identical. The results of the present measurements on
maghemite particles show a quite different behavior. The
values of T3 and T,,,(0) are almost identical for the
powder samples, but there is a large difference between
the values of T, and the blocking temperatures es-
timated from measurements of isothermal remanence.
These results as well as the changes induced by coating
and pressing of the particles clearly show that the mag-
netic interaction between the particles has a strong
influence on the magnetic properties of the samples. In
the powder samples, the separation between the particles
is small, and it is therefore likely that strong magnetic in-
teractions can result in the formation of an ordered state
with a  spin-glass-like structure (a  super-spin-
glass). 222829 Al the results of the present studies of

maghemite particles are in fact consistent with such a
model.

The almost identical values of T',,,(0) and T} indicate
that these temperatures are not superparamagnetic block-
ing temperatures, but the results are in accordance with a
transition from a super-spin-glass state to a super-
paramagnetic state.?”’ It is well known that for spin
glasses the value of T, is close to the ordering tempera-
ture*® and the magnetic hyperfine splitting in M&ssbauer
spectra is also expected to collapse at the transition tem-
perature if the superparamagnetic relaxation is fast com-
pared to the time scale of this technique. The observed
variations of T} and T,,, with the average interparticle
distance thus reflect that the transition temperature in-
creases when the strength of the interactions increases.
The ratio T5//T ., is about 1.4 for the ferrofluid, i.e.,
lower than expected for noninteracting particles. This in-
dicates that even in the ferrofluid there is a significant
influence of interactions. It is likely that the bigger parti-
cles in the ferrofluid form agglomerates which may exhib-
it ordering even above 100 K.

The temperature dependence of the shape of
Moéssbauer spectra of small particles also gives informa-
tion about interaction effects. For noninteracting parti-
cles with a particle size distribution, the spectra typically
consist of a doublet due to small particles with a short re-
laxation time and a sextet due to larger particles with a
longer relaxation time.*"*? The relative area of the dou-
blet increases with increasing temperature because of the
decreasing relaxation time. The splitting of the sextet is
slightly smaller than that observed for bulk materials be-
cause of the influence of collective magnetic excitations,
which leads to a reduction in the observed hyperfine field
of up to 15%.%>*? In the case of strong interactions be-
tween nanoparticles, an ordered state can be found at low
temperatures. The order parameter decreases continu-
ously with increasing temperature, and the magnetic
hyperfine field will vary proportionally to the order pa-
rameter provided that the relaxation is fast.”»2526:43.44
Because of local variations in the strength of interactions,
there may be a distribution of order parameters in a sam-
ple leading to a distribution of magnetic hyperfine fields
in Mdssbauer spectra. Therefore Mossbauer spectra of
interacting particles typically exhibit much broader lines
than spectra of noninteracting particles. %43

When comparing the spectra shown in Figs. 2-4, it
can be seen that the way in which the magnetic hyperfine
field collapses is qualitatively different for the coated and
uncoated samples. The spectra of the coated samples
[Figs. 2, 3(a), and 4(a)] show the presence of both a quad-
rupole doublet and a six-line component in a broad tem-
perature range. This indicates that some of the particles
exhibit fast superparamagnetic relaxation and these parti-
cles thus interact only weakly with their neighboring par-
ticles. The lines of the sextets in the transition region are,
however, broader than typically observed for nonin-
teracting particles, and this suggests that the interaction
between many of the particles is significant. The spectra
of the uncoated particles, especially after pressing at 1280
MPa [Fig. 4(b)], show much more broadened lines and
the quadrupole doublet is only visible for T 2234 K.
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This behavior is consistent with the expected behavior of
strongly interacting particles. The Mossbauer spectra
therefore support the conclusion that the magnetic prop-
erties of the samples are strongly influenced by interac-
tions and that the transition to the superparamagnetic
state should not be explained by a simple change in the
relaxation time with temperature [as described by Eq.
(1)], but as a transition from a spin-glass-like state to a su-
perparamagnetic state.

The blocking temperatures estimated from the iso-
thermal remanence are much lower than those obtained
from ZFC magnetization measurements, and the values
of M,(0)/M(0) are about 0.35. For noninteracting par-
ticles it is expected that the two blocking temperatures
are identical and that M,(0)/M,(0)=0.5 for particles
with uniaxial anisotropy. However, in systems of in-
teracting particles, the extrapolated remanence is expect-
ed to be lower because of more or less complete flux clo-
sure.*> When the field is switched off at a low tempera-
ture, the sample will initially end up in a partly disor-
dered state with a preferred orientation of the magnetic
moments close to the applied field direction. It is unlike-
ly that this is the state of lowest energy. The different
spin-glass-like configurations are separated by energy bar-
riers with heights that are determined by both the mag-
netic anisotropy and the magnetic interaction, and the
system will decay to configurations of lower energy with
a relaxation time which reflects the distribution in height
of these barriers.

El-Hilo, O’Grady, and Chantrell® found that the block-
ing temperatures, obtained from measurements of iso-
thermal remanence for ferrofluids with different concen-
trations of 7.8-nm iron oxide particles, were nearly identi-
cal, and they concluded that the decay of remanence was
not sensitive to interaction effects. Our results (Table II)
show that there may be a slight increase in the barriers
when going from the suspended to the coated dried and
the uncoated samples, and that after pressing the uncoat-
ed particles at 1280 MPa there is an increase in T by
about 50%. These observations suggest that the energy
barriers are mainly determined by the anisotropy and, ex-
cept for the uncoated pressed sample, the distribution in
barrier heights is only slightly changed by interactions.
For the present particles, K ~3.5X 10* Jm™3.3! This cor-
responds to KV /k =560 K. If we take the values of T}
(Table I) as a measure for the strength of the interaction,

we find that KV /kT} ~4 for the coated suspended sam-
ple, but the ratio decreases to about 2 for the uncoated
pressed sample. These values indicate that the anisotropy
may be predominant in the samples with the largest par-
ticle separation, but that the interaction becomes more
important in the uncoated, pressed sample.

V. CONCLUSIONS

The influence of magnetic interactions between 7.5-nm
maghemite particles has been studied by use of
Mossbauer spectroscopy and magnetization measure-
ments. The apparent blocking temperatures obtained
from Mdssbauer spectroscopy (T3!) and ZFC magnetiza-
tion curves (7T'g') are almost identical when the particle
separation is small, but the values obtained from iso-
thermal remanence measurements (73 ) are much lower.
For noninteracting and weakly interacting particles, the
characteristic temperatures are superparamagnetic block-
ing temperatures and the values of T3 are then consider-
ably larger than those of Tz, whereas the values of Tg'
and T should be identical. The present results show
that the behavior of the samples is not governed only by a
temperature-dependent superparamagnetic relaxation
time. It is shown that all the results can be explained by
the formation of a spin-glass-like ordered state at low
temperatures. Thus the critical temperatures can be ex-
plained by a transition from a spin-glass-like ordered
state to a superparamagnetic state, and the observed in-
crease in the apparent blocking temperatures with de-
creasing interparticle separation is not due to an increas-
ing superparamagnetic relaxation time, as has been sug-
gested in earlier work on interacting particles, but it
reflects an increase of the ordering temperature with in-
creasing strength of interactions.
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