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Mössbauer spectra of single-domain fine particle systems described using a multiple-level
relaxation model for superparamagnets

J. van Lierop and D. H. Ryan
Centre for the Physics of Materials, Department of Physics, McGill University, 3600 University Street, Montreal,

Quebec H3A 2T8, Canada
~Received 28 July 2000; published 18 January 2001!

A multilevel relaxation model has been developed to describe the dynamic behavior of a single-domain
particle from blocked through to superparamagnetic. When combined with an accurate expression for the
relaxation time and a log-normal particle size distribution, this model successfully describes the Mo¨ssbauer
spectra of real fine particle systems at all temperatures of interest, and yields consistent values for anisotropy
and blocking temperature. Spectra of two Fe3O4 ferrofluids and a polysaccharide iron complex have been
fitted. Blocking temperatures (TB) determined with our model agree with those extrapolated from frequency
dependentxac data. Anisotropy energies (K) are in the range of 1–33104 J/m3 and superparamagnetic
relaxation times are;1028 s. Interparticle interactions are shown to reduce bothK andTB .
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I. INTRODUCTION

The magnetization of a single domain particle varies w
increasing temperature. At low temperatures, the momen
fixed along its easy axis, in a blocked state. The moment
remain blocked until the thermal energy is great enough
allow it to oscillate around its easy axis. These oscillatio
called collective excitations, occur until the thermal ener
increases in magnitude to the point where 180° moment fl
are possible. At and above this temperature, the particl
superparamagnetic.

In a real magnetic fine particle sample there is a distri
tion of particle sizes. At the lowest temperatures, when
moments are blocked, Mo¨ssbauer spectra can be describ
with static hyperfine fields. With an increase in temperatu
as moments unblock and collective excitations begin, spe
exhibit an asymmetric lineshape which becomes more p
nounced with increasing temperature. This phenomena
been modeled by Mo”rup,1 and results in a correction to th
hyperfine field which, when combined with a particle si
distribution, properly describes the asymmetric lineshape
served in the Mo¨ssbauer spectrum. At high temperatur
where the magnetic moments are all superparamagn
Mössbauer spectra are generally modeled using stoch
two-level lineshape formalisms, such as the one by Blu
and Tjon.2 Two level models describe the 0° and 180° m
ment orientations along the easy axis and predict the spe
collapse arising from the time averaged hyperfine field.

At intermediate temperatures, where there is enough t
mal energy for collective excitations and moment flips
occur, the models for collective excitations and spin flippi
cannot correctly predict Mo¨ssbauer spectral lineshapes.
any given intermediate temperature, moments associ
with the largest particles will be blocked, intermediate siz
particle moments will experience collective excitations wh
the smallest particle moments will be superparamagne
The blocking temperature,TB ,3 which defines the transition
from collective excitations to superparamagnetism, is di
cult to determine with Mo¨ssbauer spectra unless a mod
0163-1829/2001/63~6!/064406~8!/$15.00 63 0644
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which can describe spectra over the entire range of temp
tures is used. A further complication arises from interparti
interactions,4 due to the inevitable difficulty in controlling
particle dispersal. Usually of a dipolar nature, interparti
interactions will affect the energy necessary for moment fl
and changeTB .

Lineshape modeling of Mo¨ssbauer spectra for the com
plete range of temperatures has had limited success. On
the simplest case of a very dilute fine particle system wit
narrow distribution of particle sizes, where interparticle i
teractions can be considered absent,4 have spectra been prop
erly modeled. At intermediate temperatures spectra con
of a clear magnetic sextet with collapsed components wh
can be fitted with a linear combination of Mo”rup’s collective
excitation model and a two-level relaxation model.5 This
procedure yields appropriate values forTB and the anisot-
ropy energy. When a sample contains a broad distribution
particle sizes, the above lineshape description fails. Attem
to model such spectra generally consist of combining a
tribution of static hyperfine fields to describe the sextet co
ponent and a two-level relaxation model to fit the collaps
component. This is incorrect, as the sextet componen
spectra contains information about magnetic relaxation. F
thermore, effects from phenomena such as particle ani
ropy and different particle sizes are not accounted for. F
ure of these models to correctly describe spectra is exhib
by the necessity for linewidth increases with temperature6–8

an incorrect approach as it masks a characteristic mar
magnetic relaxation.TB cannot be correctly predicted, an
the typical equal area definition forTB which consists of
determining the temperature at which spectra appear c
posed of equal areas of static and collapsed componen
used.3 This definition ofTB is physically incorrect as it doe
not describe the magnetic moment behavior in the sam
and cannot incorporate the effects of either the particle s
distributions or interparticle interactions. A more robust de
nition of TB is necessary for Mo¨ssbauer spectra to perm
comparisons with different measuring techniques that exh
different sensitivities to the particle size distribution. For e
ample, magnetization is dominated by the response of
larger, slower particles, while the majority of the susceptib
©2001 The American Physical Society06-1
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ity comes from particles close to their blocking temperatu
We present a solution to the problem when interparti

interactions and a broad particle size distribution are pres
The internal magnetic potential energy of a magnetic part
is described by the expressionE52KV cos2(u) whereK is
the anisotropy constant of the particle,V its volume andu
the angle between the easy axis of the particle and the d
tion of magnetization. The many level formalism of Jon
and Srivastava9 is used as a starting point. This approach h
seen little use to date as the computational effort required
the large matrix manipulations is substantial and has m
least-squares fitting unattractive. With present genera
computer hardware the problem is now tractable. We co
bine this many level formalism with a log-normal partic
size distribution and an approximation to the analytic so
tion of the relaxation time (t), valid for the full range of
energy barriers encountered here.10 We are able to model the
lineshape of spectra at all temperatures across the full ra
of behavior of single-domain particles. This model has
lowed us to calculate relaxation rates and the anisotropy
ergy as well as unambiguously determineTB . Fits to spectra
of two ferrofluids and a polysaccharide iron complex yie
results in agreement with those from other techniques.

II. EXPERIMENTAL METHODS

We have studied two commercial Fe3O4 ferrofluids11 and
an akagane´ite based polysaccharide-iron complex~PIC!
called Niferex.12 The ferrofluids were supplied with particl
size distributions determined by electron microscopy wh
gave ln(sD)50.225 for the 6.0 nm ferrofluid andln(sD)
50.2 for the 4.5 nm ferrofluid. The PIC is a ferritin bio
mimic and is reported to have a mean particle size of
nm.13 ln(sD)50.3 was chosen, in agreement with previo
studies,13 and allowed for consistent fits to the spectra. A
susceptibility (xac) data were collected using a Quantu
Design Physical Properties Measurement System at temp
tures from 2.5 to 300 K with driving frequencies of 10 an
100 Hz, and 1 and 10 kHz. An exponential dependence
the blocking temperature as a function of driving frequen
was demonstrated and used to extrapolate blocking temp
tures relevant to the Mo¨ssbauer effect measurement time
1028 s.

Transmission Mo¨ssbauer measurements were done wit
constant acceleration spectrometer using a 1 GBq 57CoRh
source calibrated usinga Fe at room temperature. Spectra
the ferrofluids were collected using a closed cycle refrige
tion system from 12 to 180 K. The upper temperature lim
being set by the melting point of the carrier liquid. Spectra
the PIC were collected in the same closed cycle refrigera
system except for the 2, 5, 7, and 15 K spectra which w
collected in a helium flow cryostat.

The ferrofluid samples were left at room temperature
six months to determine if any changes would occur in
contents. The 4.5 nm ferrofluid particles was unaffected,
the 6.0 nm ferrofluid aged in some manner which cau
visible clumping. Mössbauer andxac data were collected fo
this 6.0 nm aged ferrofluid to examine variations in its ma
netic properties.
06440
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III. LINESHAPE MODELS

When describing magnetic fine particle systems, it is u
ally assumed that the particles are uniaxially anisotro
since even a small departure from sphericity will result in
strong uniaxial shape anisotropy.8 The internal magnetic po
tential energy of a particle’s average magnetic moment
then be described by the expressionE52KV cos2(u).

The moment oscillations during collective excitations c
be viewed as the moment rocking in its potential we
Mo”rup1 modeled this behavior by assuming that the fluctu
tions around the easy axis occur much faster than the Lar
precession of the Mo¨ssbauer atoms. The probability of th
moment being at an angle away from the easy axis is ca
lated, resulting in a correction to the magnetic hyperfi
field. For the case of a uniaxially symmetric particle to b
this is:

Bobs5Bh fS 12
kT

2KVD , ~1!

whereBobs is the observed magnetic hyperfine field at t
temperatureT andBh f is the static magnetic hyperfine field
Combining this with a distribution of particle sizes, ea
with a differentV, yields an effective hyperfine field distri
bution which successfully predicts low-temperature spec
of fine particle systems.

The success of Mo”rup’s description of low-temperatur
fine particle Mössbauer spectra is shown in Fig. 1. With t
log-normal particle size distribution of the 4.5 nm ferroflui
12, 20, and 25 K spectral lineshapes calculated with Eq.~1!
are in excellent agreement with experiment. Linewidths
constant, 0.4260.02 mm/s, andBh f550.060.2 T is consis-
tent with the accepted value for Fe3O4.4,14 K53.360.2
3104 J/m3 is in agreement withK of similar fine particle

FIG. 1. Fits to the 4.5 nm Fe3O4 ferrofluid using Mo”rup’s col-
lective excitation description for low-temperature spectra and
two-level relaxation model for the high-temperature spectra. Th
models clearly fail to predict the lineshape of the intermediate te
perature spectra.
6-2
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MÖSSBAUER SPECTRA OF SINGLE-DOMAIN FINE . . . PHYSICAL REVIEW B 63 064406
systems15–17and a more complete lineshape model.14 Above
25 K, this simple description fails since collective excitatio
are no longer the only magnetic fluctuation present. A c
tral, nonmagnetic, component develops that cannot be
scribed by the collective excitation model. Furthermo
there are increases in both the fitted linewidth~shown in Fig.
2 by the,) andBh f , and a decrease ofK.

At high temperatures, whereKV!kT and rapid reversals
of the magnetic moment occur, spectra are usually mod
using a stochastic two level lineshape formalism, such as
one by Blume and Tjon.2 The levels represent the two po
sible orientations that the moment can make with respec
the easy axis~i.e., 0° and 180°). The transition probabilitie
per unit time per unit occupation between the two levels
P12 andP21 whereP12 denotes the transition from level on
to level two andP21 the transition from level two to leve
one.G is the natural linewidth,v the energy of the incoming
g ray and6d the energies of the two levels~determined
from Bh f). We can use the well known lineshape expressi2

I ~v!52RF ı~v81hd!12R

~d22v82 !12R~v82hd!
G , ~2!

where v85v2ıG, h5(P212P12)/(P211P12) and 2R
5P121P21. The real component of the expression is used
predict spectra exhibiting simple moment reversals. Ther
an equal probability of the moment being oriented in eithe
0° or 180° manner with respect to the easy axis, so
superparamagnetic relaxation rate~i.e., the product of the
transition probability per unit time and the occupation pro
ability! between level one and two is12 P12, and between
level two and one is1

2 P21. This assumption is consisten

FIG. 2. Results of fits of the 4.5 nm Fe3O4 ferrofluid using
Mo”rup’s collective excitation description (,), a two-level relax-
ation model (n), and our multilevel formalism (h). Relaxation
rates,n, were averaged over the log-normal particle size distri
tion.
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with a single domain particle’s moment not having a p
ferred orientation along its easy axis~the potential barrierE
is symmetric!, soP215P21[P and the total relaxation rate i
R5 1

2 P1 1
2 P. P5n51/t with t being the average time be

tween moment flips.
The wide range of particle sizes in a real system lead

a large spread in energy barriers. Spectrum modeling hin
upon the accurate calculation of the superparamagnetic
laxation rates through the relaxation time,t. A valid expres-
sion of t for all possible energy barriers is therefore critica
Typically, a relation along the lines oft5t0 exp(a) is used,
wherea5KV/kT andt0 essentially depends upon the gyr
magnetic ratio and nonrelaxing magnetization.4,18 This ap-
proach is valid fora@2. However, at high temperatures~or
equivalently, for small particles!, where the two-state mode
is appropriate,a is less than 2.4 Using an invalid expression
for t will result in an incorrect assessment ofK and improp-
erly scales the relaxation times for particles at the extrem
of the size distribution. Coffeyet al.10 have determined an
expression for the relaxation time

t5t0

1

4a

1

a

a11
Aa

p
122a21

@exp~a!21#, ~3!

with t0}VMs where Ms is the saturation magnetization
This expression is valid to within a few percent of the exa
analytic solution,4 for any value ofa. It ensures that a cor
rectt for each particle size is calculated and a consistentK is
determined for each temperature when modeling data.

The two-level formalism with a log-normal particle siz
distribution andt given by Eq.~3! with E52KV cos2(u)
results in an adequate description of the 180 and 140 K
nm ferrofluid spectra, shown in Fig. 1. Fitted results in Fig
show that the linewidths~denoted byn) are reasonably con
sistent and the expected decrease of relaxation rate with
perature occurs. For the highest-temperature spectra it
necessary to fix the zero-temperature hyperfine field to 5
to avoid cross-correlations between the least-squares fi
relaxation rate, linewidth, and hyperfine field.K could not be
fit reliably and was fixed at 3.03104 J/m3. The fit quality
quickly deteriorates on cooling as a static component de
ops ~notice the arrows displaying the missed components
the experimental 100 K spectrum in Fig. 1! and it was nec-
essary to let Bh f andK vary to fit the experimental spectra
Linewidths increase, withK andBh f changing by as much a
50% to fit the spectra. AsTB is approached, the fitted relax
ation rateincreasesin stark contrast with the actual slowin
of the relaxation rate. This simple two-level model cann
predict the magnetic behavior of a fine particle system
intermediate temperatures.

At intermediate temperatures, moments no longer
dergo simple 180° flips, but experience a variety of orien
tion changes. The many-level representation of Jones
Srivastava9 offers the best way to model the complex d
namic behavior of single-domain particles. Computer ha
ware readily available at the time of their publication was n
powerful enough for convenient least-squares fitting us

-

6-3
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J. van LIEROP AND D. H. RYAN PHYSICAL REVIEW B63 064406
this approach. Increases in processor power over the last
years allow for reasonable computation times for fitti
spectra. This many-level model fully describes the effects
the various tilt angles that the moment can make. Collec
excitations, interparticle interactions and superparam
netism are described within a single formalism.19 Sack’s20

simplification of Anderson’s21 stochastic quantum mechan
cal model is used as a starting point:

I ~v!52R~WM 211W !. ~4!

It is assumed that the nuclear states are constant and
relaxation problem can be solved separately for each
pair, i.e., transitions fromuI 1m1& to uI 0m0& whereI 15 3

2 and
I 05 1

2 , displayed schematically in Fig. 3. TheN components
of the row vectorW are proportional to the occupation pro
abilities of the states in equilibrium, 1W is a column vector
with all its components equal to unity andM5(ıv1G)I
2ıV2P is the matrix which contains the physical descr
tion of the system. This description involves the line po
tions in the absence of relaxation,v i , which are components
of the diagonal matrixV, and the natural linewidthG. The
transition probability per unit time per unit occupation
state i, from state i to state j is given by P i j 5Pi j , P i i
52( j Pi j ( iÞ j ). For a two-level system, this gives:

I ~v!52RF F ~P21,P12!

P121P21
G

3F ı~v2d!1P121G 2P21

2P21 ı~v1d!1P211G
G21F1

1G G
~5!

and solving yields Eq.~2!.
This formalism can be extended to characterize the m

orientations that the moment of a single-domain particle m
take when it is thermally agitated at intermediate tempe
tures. Consider a particle to haveSpossible orientations. The
possible angles between 0° and 180° are expressedk
steps from one to (2S11) so uk5 p

2 (k2S21/S)2. The
magnetic hyperfine field distribution of Mo”rup’s model is
emulated by the resulting line positionsvk5(S2k11)d/S

FIG. 3. Energy level transitions and the corresponding spe
line number associated with them. The line pairs which Sack’s
malism depends upon are 1 and 6, 2 and 5, and 3 and 4.
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with 2d the magnetic hyperfine splitting between line pai
The occupation probabilities of the levelsWi and transition
probabilities per unit time between levelsPi j are necessary
to solve Eq.~4!. The equilibrium populations can be de
scribed using a Boltzmann distribution,Wk5exp(2Ek /kT)
so that detailed balance is conserved, and we discretize
potential barrier describing the uniaxial particle withEk
52KV cos2(uk). M is given by:

Mkk5ı~v2vk!1G2Mkk211Mkk11 ~6!

with

Mkk1152Pkk11@exp~2DE/kT!# k,~2S11!/2 ~7!

Mkk2152Pkk21@exp~2DE/kT!# k>~2S11!/2, ~8!

where the Boltzmann factor is used only for a step ‘‘up’’
a higher-energy level during the random walk of the mag
tization vector. AlsoDE5Ek2Ek61 and

Pkk115R@S~S11!2~k2S21!~k1S!# k,~2S11!/2
~9!

Pkk215R@S~S11!2~k2S21!~k1S22!#

k>~2S11!/2, ~10!

whereR is the relaxation rate between levels.
Equation 4 is then solved with inversion ofM necessary

for eachv in the simulated spectrum.
The moment relaxation rate must be carefully defined

contrast to the simple two-level situation. There are multi
angles to which the moment can relax to and from, instea
just 0° and 180°, so the minimum and maximum orientat
change of the moment during the relaxation process mus
defined. In this case, the relaxation rate is the product of
occupation probability of the particle’s initial level befor
the orientation change occurs and the transition probab
per unit time between the two levels. This rate must
summed for all components of the random walk from init
to final orientation. For example, the average 180° flip rate
given by:

n5(
i 51

2S

Wi Pi j /~2S11!. ~11!

To complete the model, a distribution of particle sizes a
an expression for the fluctuation rate between moment or
tations,R, is necessary. Our description of a magnetic fi
particle system assumed a log-normal particle size distr
tion. We used Eq.~3! for R. With a least-squares fitting rou
tine the following parameters were used to fit spectra: Ba
line, G, intensity, Bh f , isomer shift,t0 and K. Figure 2
shows that, at high temperatures, our model generates
same behavior as the two-level formalism, while at low te
peratures, collective excitations are correctly described.

IV. RESULTS AND DISCUSSION

xac vs T for the Fe3O4 ferrofluids is shown in Fig. 4 for
various measuring frequencies. Similar results were obtai

ra
r-
6-4
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MÖSSBAUER SPECTRA OF SINGLE-DOMAIN FINE . . . PHYSICAL REVIEW B 63 064406
with the PIC. For a given frequency,xac(T) exhibits a maxi-
mum at TB when the superparamagnetic moment flip r
coincides with the driving frequency of the measureme
The broad peak inxac reflects the distribution of particle
sizes in the ferrofluids. The ferrofluid with the smaller me
particle sized exhibits a lowerTB as the barrier to momen
reversal, set byKV, is overcome at a lower temperatur
Data for the aged 6.0 nm ferrofluid exhibit a substantial
duction in amplitude and a shift inTB to lower temperatures
Experimental results22 and Monte Carlo simulations23 indi-
cate that increasing interparticle interaction strength caus
lowering ofTB and a strong suppression ofxac . In addition,
the frequency dependence ofTB is reduced. Thus the aging
induced changes in the 6.0 nm ferrofluid are fully consist
with increased interparticle interactions associated with
visible clumping that had occurred.

The variation ofTB with measurement frequency for th
xac data is shown in Fig. 5, where the exponential behav
is clear in this log-linear plot. In every case, the common
applied equal-area criterion over estimatesTB . This error is
most serious for the PIC whereTB is high by a factor of 6.
The PIC has the widest particle size distribution of tho
studied here, and therefore exhibits mixed behavior over
widest temperature range. It is the failure to include the
range of relaxation behavior that ultimately makes equal-a
definitions invalid. Our model correctly describes the sm
superparamagnetic component of the particle size distr
tion at TB for the PIC, ensuring consistent fits through t
whole temperature range, and provides excellent agreem
with the xac results.

FIG. 4. Thermal variation ofxac vs frequency for the Fe3O4

ferrofluids. This behavior is scaled with the saturation magnet
tion established for each sample, ensuring that these results ex
the magnetic behavior of the iron in the particles. Note the subs
tial reduction in signal caused by aging of the 6 nm sample. Driv
frequencies of 10, 100, 1000, and 10 000 Hz were used to track
frequency dependence of the blocking temperature~summarized in
Fig. 5!.
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Mössbauer spectra collected for the different samples
in Fig. 6, the 4.5 nm ferrofluid; Fig. 7, the 6.0 nm as-receiv
ferrofluid; Fig. 8, the 6.0 nm aged ferrofluid; and in Fig.
the PIC. For the ferrofluids, once the carrier liquid has froz
at around 200 K, the easy axis of each particle is frozen
random direction. The PIC is a powder sample ensurin
random orientation for the easy axes of the particles at
temperature. For all samples at high temperatures a colla
lineshape with essentially zero hyperfine field is observ
All of the samples are superparamagnetic and are aboveTB
at this point. On cooling, the flip rates of largest particl
slow first and a sextet component develops in the spec
Next, the moment flip rates of smaller particles slow and
broad sextet becomes more distinct with line asymme
from collective excitations appearing. Finally, at the lowe
temperatures, less line asymmetry from collective excitati

-
ibit
n-
g
he

FIG. 5. Plots ofTB vs measurement frequency for thexac mea-
surements and Mo¨ssbauer many-level model. Notice the po
agreement of the equal area criteria, especially for the PIC.

FIG. 6. Mössbauer spectra of the 4.5 nm Fe3O4 ferrofluid.
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J. van LIEROP AND D. H. RYAN PHYSICAL REVIEW B63 064406
occurs as moments become fully blocked. The coexistenc
sextet and central components in the spectra over a l
range of temperatures is unlike the swift collapse within
small temperature range seen in paramagnetic to ferrom
netic phase transitions.4

25 levels were used in our model to fit the ferrofluid spe
tra and 36 levels for the PIC. Fewer levels would not d
scribe the spectra consistently for all temperatures and m
levels simply increased the computation time for lea
squares fits. Table I contains some of the fitted parame
for the spectra. The hyperfine field was a fitted parameter
low-temperature spectra. As relaxation effects became do
nant, the field was fixed at 50 T to reduce the effects
correlations between hyperfine field, linewidth and relaxat
rate.

The validity of our description is clearly visible in Figs. 6
7, and 8. The model is able to reproduce the lineshape o

FIG. 7. Mössbauer spectra of the 6.0 nm Fe3O4 ferrofluid.

FIG. 8. Mössbauer spectra of the aged 6.0 nm Fe3O4 ferrofluid.
06440
of
ge
a
g-

-
-
re
-
rs

or
i-
f
n

he

samples at all temperatures with small variations in the li
width (G) and K. A consistentG when fitting using any
magnetic relaxation formalism is crucial. Line broadening
a spectrum should be reflected by an increase inn and not
incorrectly compensated for byG. The paramagnetic spec
trum of the akagane´ite in the PIC exhibits a significant quad
rapole splitting which cannot readily be included in o
model. As a result, we were unable to fit the PIC spec
above 30 K~Fig. 9!. The model correctly tracks the size o
the central component with a singlet, and is simply unable
provide a doublet. Our present formalism assumes that
nuclear Hamiltonian which is fluctuating from moment o
cillations commutes with itself at different times. To pro
erly predict the lineshape of the PIC, a much more comp
formalism needs to be devised which involves Liouville s
peroperators for solving the combined stochastic-quan
mechanical problem.24 We did not fit PIC spectra above 3
K due to this shortcoming.

Fitted values forn0 and K are shown in Fig. 10, and
extrapolated 180° moment flip rates in Fig. 11. Values oK
are in agreement with similar magnetic fine partic
systems15–17 and PIC.13 The lower value forK in the as-
received 6.0 nm ferrofluid with respect to the 4.5 nm ferr
luid indicates stronger interparticle interactions.4,25 In gen-
eral, stronger interparticle interactions are expected
systems with broader particle size distributions. The va
tion in K between the 4.5 and 6.0 nm ferrofluid is compatib
with this analysis. The further lowering of bothK andTB on
aging the 6.0 nm ferrofluid is also consistent with increas
interparticle interactions, and expected from the visib
clumping of the sample. These effects were also dedu
above from thexac data.

The temperature at which superparamagnetic relaxa
begins, i.e., whenn0.0, establishedTB for the Mössbauer
spectra and is listed in Table I for the various samples. Co
parison of these values with ourxac data, shown in Fig. 5,

FIG. 9. Mössbauer spectra of the polysaccharide iron comp
~PIC!. Our present model cannot predict the quadrapole double
the PIC and begins to fail around 30 K.
6-6
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TABLE I. Summary of the fitted parameters,G, Bh f , andK for the samples examined with our multiple
level model.TB is established whenn0.0 ~see Fig. 10!.

Sample G ~mm/s! Bh f ~T! K(3104 J/m3) TB ~K!

4.5 nm ferrofluid 0.43860.020 50.0260.06 3.060.1 3065
6.0 nm as-received ferrofluid 0.40360.024 50.0460.08 2.460.2 5565
6.0 nm aged ferrofluid 0.40960.006 50.160.2 1.960.2 5065
PIC 0.33960.008 49.9960.06 1.1260.23 1062
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clearly demonstrates thatTB derived from our model of the
Mössbauer spectra is fully consistent with other probes
magnetic relaxation. Effects of interparticle interactions
again evident with the lowered value ofTB of the aged 6.0
nm ferrofluid compared to the as-received 6.0 nm ferroflu3

Sincen0}1/VMs ,18 andMs has been shown to exhibit
weak temperature dependence,4,26 the often used assumptio
of a constantn0 ~Ref. 26! is not strictly valid. We therefore
treatedn0 as a fitted parameter.n0 remained reasonably con
stant for a given sample across the range of temperatu
shown in Fig. 10. A lowern0 for the 4.5 nm ferrofluid com-
pared with the 6.0 nm ferrofluid is consistent with an i
creasedMs for smaller particles.22 The slight reduction inn0
for the 6.0 nm ferrofluid on aging is consistent the an
crease inMs due to interparticle interactions.13,22

The average moment flip rates for the spectra are plo
as a function of temperature in Fig. 11. The usual decreas
n with temperature is observed, typical of magnetic rela
ation. An increase ofn with stronger interparticle interac
tions between the 6.0 nm as-received and 6.0 nm aged
rofluids is consistent with previous magnetization andxac
studies.4,25 Confirmation of these moment flip rates from o
model was provided by Selective Excitation Double Mo¨ss-

FIG. 10. Plots of the pre-exponential factor of the relaxat
time n0 and the anisotropy energyK. TB is the point wheren0.0.
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bauer~SEDM! measurements on the 4.5 nm and aged 6.0
ferrofluid.27 SEDM allows the effects of static disorder,28

collective excitations and moment reversals to be unamb
ously separated, with superparamagnetic relaxation frequ
cies being determined independently of theoretical exp
sions for the relaxation timet. Moment flip rates from the
distribution generated with our model which are within t
time scale of the SEDM measurement, accurately model
SEDM data.27

V. CONCLUSIONS

We have developed a complete model of magnetic sin
domain fine particle systems which correctly predicts the
havior of Mössbauer spectra over the complete range of te
peratures. Applying this model to two ferrofluids and
polysaccharide iron complex, we were able to extract con
tent values forK, lying in the expected range of 104 J/m3,
determine the moment rotation rates from angles in the
terval of 0° to 180°~allowing us to compare our results wit
those of simpler two-level models and collective excitation!
and assess the blocking temperature,TB . Our analysis of the
Mössbauer spectra is in agreement with ourxac (TB) and
SEDM (n) results. For temperatures higher thanTB , relax-
ation rates used to described the spectra fall in the typ

FIG. 11. 180° moment flip relaxation rates extrapolated fro
the many state model~normalized with respect to the log-norma
size distribution!. The expected gradual increase of flip rate w
temperature for a superparamagnetic system is present.
6-7
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time region oft51028–1029s. The trends exhibited forTB ,
K, n0, and n due to interparticle interactions and differin
particle sizes and surroundings are in agreement with pr
ous experimental and theoretical work. Specifically, we h
measured a decreasedK, TB, andn0, as well as an increase
180° moment flip rate (n), in an aged Fe3O4 ferrofluid due to
an increase in interparticle interactions.
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