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Mossbauer spectra of single-domain fine particle systems described using a multiple-level
relaxation model for superparamagnets
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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 skbaMer
spectra of real fine particle systems at all temperatures of interest, and yields consistent values for anisotropy
and blocking temperature. Spectra of two;®g ferrofluids and a polysaccharide iron complex have been
fitted. Blocking temperaturesTg) determined with our model agree with those extrapolated from frequency
dependenty,. data. Anisotropy energiesK( are in the range of 1-810*J/n? and superparamagnetic
relaxation times are-10 8 s. Interparticle interactions are shown to reduce bo#ndTg .
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[. INTRODUCTION which can describe spectra over the entire range of tempera-
tures is used. A further complication arises from interparticle
The magnetization of a single domain particle varies Withinteractions“, due to the inevitable diffiCU|ty in controlling

fixed along its easy axis, in a blocked state. The moment willnteractions will affect the energy necessary for moment flips

remain blocked until the thermal energy is great enough t@nd changd’g .

allow it to oscillate around its easy axis. These oscillations Lineshape modeling of Mesbauer spectra for the com-
Y ' lete range of temperatures has had limited success. Only in

called collective excitations, occur until the thermal energyine simplest case of a very dilute fine particle system with a
increases in magnitude to the point where 180° moment flipgarrow distribution of particle sizes, where interparticle in-
are possible. At and above this temperature, the particle iﬁ;ractions can be considered abéﬁnm’ve spectra been prop-
superparamagnetic. erly modeled. At intermediate temperatures spectra consist
In a real magnetic fine particle sample there is a distribuof a clear magnetic sextet with collapsed components which
tion of particle sizes. At the lowest temperatures, when alcan be fitted with a linear combination of Mg'’s collective
moments are blocked, Msbauer spectra can be describedexcitation model and a two-level relaxation modeThis
with static hyperfine fields. With an increase in temperatureProcedure yields appropriate values fig and the anisot-

as moments unblock and collective excitations begin, spectrZPPY €nergy. When a sample contains a broad distribution of
article sizes, the above lineshape description fails. Attempts

to model such spectra generally consist of combining a dis-

b deled by Monl and Its | : h Fribution of static hyperfine fields to describe the sextet com-
een modeled by Wrop,” and results in a correction to the ,,hent and a two-level relaxation model to fit the collapsed

hyperfine field which, when combined with a patrticle Sizecomponent. This is incorrect, as the sextet component of
distribution, properly describes the asymmetric lineshape obspectra contains information about magnetic relaxation. Fur-
served in the Mesbauer spectrum. At high temperaturesthermore, effects from phenomena such as particle anisot-
where the magnetic moments are all superparamagnetioppy and different particle sizes are not accounted for. Fail-
Mossbauer spectra are generally modeled using stochastice of these models to correctly describe spectra is exhibited
two-level lineshape formalisms, such as the one by Bluméy the necessity for linewidth increases with temperafife,
and Tjon? Two level models describe the 0° and 180° mo-an incorrect approach as it masks a characteristic mark of
ment orientations along the easy axis and predict the spectralagnetic relaxationTg cannot be correctly predicted, and
collapse arising from the time averaged hyperfine field.  the typical equal area definition fofg which consists of

At intermediate temperatures, where there is enough thedetermining the temperature at which spectra appear com-
mal energy for collective excitations and moment flips toposed of equal areas of static and collapsed components is
occur, the models for collective excitations and spin flippingused® This definition ofTg is physically incorrect as it does
cannot correctly predict Mesbauer spectral lineshapes. At not describe the magnetic moment behavior in the sample,
any given intermediate temperature, moments associateghd cannot incorporate the effects of either the patrticle size
with the largest particles will be blocked, intermediate sizeddistributions or interparticle interactions. A more robust defi-
particle moments will experience collective excitations whilenition of Tg is necessary for Mgsbauer spectra to permit
the smallest particle moments will be superparamagneticcomparisons with different measuring technigques that exhibit
The blocking temperaturd,g ,® which defines the transition different sensitivities to the particle size distribution. For ex-
from collective excitations to superparamagnetism, is diffi-ample, magnetization is dominated by the response of the
cult to determine with Mssbauer spectra unless a modellarger, slower particles, while the majority of the susceptibil-
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ity comes from particles close to their blocking temperature. 1.00

We present a solution to the problem when interparticle
interactions and a broad particle size distribution are present.
The internal magnetic potential energy of a magnetic particle
is described by the expressi@i= — KV cog(6) whereK is
the anisotropy constant of the partick,its volume andd
the angle between the easy axis of the particle and the direc-
tion of magnetization. The many level formalism of Jones
and Srivastaviis used as a starting point. This approach has
seen little use to date as the computational effort required for
the large matrix manipulations is substantial and has made
least-squares fitting unattractive. With present generation
computer hardware the problem is now tractable. We com-
bine this many level formalism with a log-normal particle
size distribution and an approximation to the analytic solu-
tion of the relaxation time %), valid for the full range of 0.75 |

. . |

energy barriers encountered h&t&Ve are able to model the -0 =5 o 5 10
lineshape of spectra at all temperatures across the full range Velocity (mm/s)
of behavior of single-domain particles. This model has al-
lowed us to calculate relaxation rates and the anisotropy en- FIG. 1. Fits to the 4.5 nm @, ferrofiuid using Meup’s col-
ergy as well as unambiguously determifg. Fits to spectra lective excitation description for low-temperature spectra and a

of two ferrofluids and a polysaccharide iron complex yie|dtwo-level relaxation model for the high-temperature spectra. These
results in agreement with those from other techniques models clearly fail to predict the lineshape of the intermediate tem-

perature spectra.
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II. EXPERIMENTAL METHODS Ill. LINESHAPE MODELS

We have studied two commercial §&, ferrofluids-! and When describing magnetic fine particle systems, it is usu-
an akaganiee based polysaccharide-iron compléRIC) ally assumed that the particles are uniaxially anisotropic
called Niferex'? The ferrofluids were supplied with particle since even a small departure from sphericity will result in a
size distributions determined by electron microscopy whichstrong uniaxial shape anisotropythe internal magnetic po-
gaveln(op)=0.225 for the 6.0 nm ferrofluid anth(op) tential energy of a particle’s average magnetic moment can
=0.2 for the 4.5 nm ferrofluid. The PIC is a ferritin bio- then be described by the expressBr — KV cog(#).
mimic and is reported to have a mean particle size of 6.5 The moment oscillations during collective excitations can
nm®In(op)=0.3 was chosen, in agreement with previousbe viewed as the moment rocking in its potential well.
studiest® and allowed for consistent fits to the spectra. ACMdrup' modeled this behavior by assuming that the fluctua-
susceptibility ¢,.) data were collected using a Quantum tions around the easy axis occur much faster than the Larmor
Design Physical Properties Measurement System at tempergrecession of the Mesbauer atoms. The probability of the
tures from 2.5 to 300 K with driving frequencies of 10 and moment being at an angle away from the easy axis is calcu-
100 Hz, and 1 and 10 kHz. An exponential dependence ofated, resulting in a correction to the magnetic hyperfine
the blocking temperature as a function of driving frequencyfield. For the case of a uniaxially symmetric particle to be,
was demonstrated and used to extrapolate blocking tempertpis is:
tures relevant to the Misbauer effect measurement time of
10 8. kT

Transmission Mssbauer measurements were done with a Bops= Bhf( 1- m) '
constant acceleration spectrometer gsinl GBq °'CoRh
source calibrated using Fe at room temperature. Spectra of where B¢ is the observed magnetic hyperfine field at the
the ferrofluids were collected using a closed cycle refrigeratemperaturel and B¢ is the static magnetic hyperfine field.
tion system from 12 to 180 K. The upper temperature limitCombining this with a distribution of particle sizes, each
being set by the melting point of the carrier liquid. Spectra ofwith a differentV, yields an effective hyperfine field distri-
the PIC were collected in the same closed cycle refrigeratiobution which successfully predicts low-temperature spectra
system except for the 2, 5, 7, and 15 K spectra which weref fine particle systems.
collected in a helium flow cryostat. The success of NMaop’s description of low-temperature

The ferrofluid samples were left at room temperature forfine particle Mssbauer spectra is shown in Fig. 1. With the
six months to determine if any changes would occur in thdog-normal particle size distribution of the 4.5 nm ferrofluid,
contents. The 4.5 nm ferrofluid particles was unaffected, bul2, 20, and 25 K spectral lineshapes calculated with(Exg.
the 6.0 nm ferrofluid aged in some manner which causedre in excellent agreement with experiment. Linewidths are
visible clumping. M@sbauer ang,. data were collected for constant, 0.420.02 mm/s, andB,;=50.0=0.2 T is consis-
this 6.0 nm aged ferrofluid to examine variations in its mag-tent with the accepted value for §@,*'* K=3.3+0.2
netic properties. X 10 J/n? is in agreement withK of similar fine particle

@
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0.9 ; ; ; ; ; ; ; ; ; with a single domain particle’s moment not having a pre-
~ 08l _ ferred orientation along its easy axthe potential barrieE
é ‘*’ is symmetri¢, soP,,= P,;=P and the total relaxation rate is
g 07 + 7 R=3P+1P. P=v=1/r with 7 being the average time be-
= 061 . tween moment flips.
g 05 - ﬁ 4 4 i The wide range of particle sizes in a real system leads to
2 g 3 o B o -1:‘_ o a large spread in energy ba_lrrlers. Spectrum modeling h!nges
= 0.4 4 A . upon the accurate calculation of the superparamagnetic re-
0.3 , . . , . . , , laxation rates through the relaxation time A valid expres-
100 - ' - - ' - - - - sion of 7 for all possible energy barriers is therefore critical.
Typically, a relation along the lines of= 7y exp(a) is used,
8o A ] wherea=KV/kT and r, essentially depends upon the gyro-
= 60k 4 _ magnetic ratio and nonrelaxing magnetizatidfi.This ap-
g * R B proach is valid fore>2. However, at high temperaturésr
S 0 4o i o i - equivalently, for small particleswhere the two-state model
R 4 is appropriateq is less than 2.Using an invalid expression
20 +~“" 7] for = will result in an incorrect assessmentkfand improp-
N ) , , ) ) , erly scales the relaxation times for particles at the extremes
o "4 80 120 160 200 of the size distribution. Coffeyet al® have determined an

Temperature (K . . .
P ) expression for the relaxation time

FIG. 2. Results of fits of the 4.5 nm §@, ferrofluid using

Mdrup’s collective excitation description\{), a two-level relax- 1 1

ation model \), and our multilevel formalism[{l). Relaxation T=T0— [expla)—1], (©)]
rates,v, were averaged over the log-normal particle size distribu- da o \/; N

tion. a+1 ;"" 2

system&~'"and a more complete lineshape motfehbove  with 7,<VM, where My is the saturation magnetization.
25 K, this simple description fails since collective excitationsThis expression is valid to within a few percent of the exact
are no longer the only magnetic fluctuation present. A cenanalytic solutiorf, for any value of . It ensures that a cor-
tral, nonmagnetic, component develops that cannot be deectr for each particle size is calculated and a consisteist
scribed by the collective excitation model. Furthermore,determined for each temperature when modeling data.
there are increases in both the fitted linewitkthown in Fig. The two-level formalism with a log-normal particle size
2 by theV) andB;, and a decrease #f. distribution andr given by Eq.(3) with E=—KV cos(6)

At high temperatures, whet€V<kT and rapid reversals results in an adequate description of the 180 and 140 K 4.5
of the magnetic moment occur, spectra are usually modeledm ferrofluid spectra, shown in Fig. 1. Fitted results in Fig. 2
using a stochastic two level lineshape formalism, such as thshow that the linewidth&enoted byA) are reasonably con-
one by Blume and TjoA.The levels represent the two pos- sistent and the expected decrease of relaxation rate with tem-
sible orientations that the moment can make with respect tperature occurs. For the highest-temperature spectra it was
the easy axigi.e., 0° and 180°). The transition probabilities necessary to fix the zero-temperature hyperfine field to 50 T
per unit time per unit occupation between the two levels areo avoid cross-correlations between the least-squares fitted
P1, andP,; whereP, denotes the transition from level one relaxation rate, linewidth, and hyperfine fiekicould not be
to level two andP,, the transition from level two to level fit reliably and was fixed at 3©10*J/n?. The fit quality
one.I’ is the natural linewidthe the energy of the incoming quickly deteriorates on cooling as a static component devel-
v ray and = § the energies of the two levelgletermined ops(notice the arrows displaying the missed components of
from By,;). We can use the well known lineshape expressionthe experimental 100 K spectrum in Fig. dnd it was nec-

essary to let B; andK vary to fit the experimental spectra.

(o' + 78)+2R Linewidths increase, witK andBy changing by as much at
l(w)=20R , (2 50% to fit the spectra. A% is approached, the fitted relax-
(8% w'2)+2R(w’ — 7d) ation rateincreasesn stark contrast with the actual slowing

of the relaxation rate. This simple two-level model cannot
where o'=w—I1I', 7=(Py;—P)/(P»+P1) and R predict the magnetic behavior of a fine particle system at
=P.,+P,;. The real component of the expression is used tantermediate temperatures.
predict spectra exhibiting simple moment reversals. There is At intermediate temperatures, moments no longer un-
an equal probability of the moment being oriented in either adergo simple 180° flips, but experience a variety of orienta-
0° or 180° manner with respect to the easy axis, so théion changes. The many-level representation of Jones and
superparamagnetic relaxation raiee., the product of the Srivastava offers the best way to model the complex dy-
transition probability per unit time and the occupation prob-namic behavior of single-domain particles. Computer hard-
ability) between level one and two sP;,, and between ware readily available at the time of their publication was not
level two and one is;P,;. This assumption is consistent powerful enough for convenient least-squares fitting using
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+3/2 with 25 the magnetic hyperfine splitting between line pairs.
) The occupation probabilities of the levalg, and transition
+172 probabilities per unit time between levels; are necessary
a2 ) ) to solve EqQ.(4). The equilibrium populations can be de-
I 1 scribed using a Boltzmann distributioly, = exp(—E,/kT)
30 so that detailed balance is conserved, and we discretize the

potential barrier describing the uniaxial particle wil
=—KV cog(6). M is given by:

-1/2 M= 10— oK) +T' =M1+ Mgy 1 (6)
with
Mkk+1:_Pkk+1[eXF(_AE/kT)] k<(28+ 1)/2 (7)

+1/2

FIG. 3. Energy level transitions and the corresponding spectra
line number associated with them. The line pairs which Sack’s for- My, 1=—Py_1[exp(—AE/KT)] k=(2S+1)/2, (8)

malism depends upon are 1 and 6, 2 and 5, and 3 and 4. where the Boltzmann factor is used only for a step “up” to
ethigher—energy level during the random walk of the magne-

this approach. Increases in processor power over the last f ;
PP P " tization vector. Als;AAE=E;—E,.; and

years allow for reasonable computation times for fitting

spectra. This many-level model fully describes the effects of P 1=R[S(S+1)— (k—S—1)(k+S)] k<(25+1)/2

the various tilt angles that the moment can make. Collective 9)

excitations, interparticle interactions and superparamag-

netism are described within a single formaliétrSack's® P 1=R[S(S+1)—(k—S—1)(k+S—2)]

simplification of Anderson® stochastic quantum mechani- K= (254 1)/2 10
2 )

cal model is used as a starting point:
_ 1~ whereR is the relaxation rate between levels.
(@) =2R(WM ~"1). (4) Equation 4 is then solved with inversion bf necessary

It is assumed that the nuclear states are constant and tﬁ%r eachw in the S|mula1_ted spectrum. . .
The moment relaxation rate must be carefully defined in

relaxation problem can be solved separately for each Iin(E:‘:ontrast to the simple two-level situation. There are multiple
pair, i.e., transitions fronfl ;m,) to |I,my) wherel ;=3 and P : P

lo=1, displayed schematically in Fig. 3. TIN:components angles to which the moment can relax to and from, instead of

of the row vectoiW are proportional to the occupation prob- just 0% and 180°, so the minimum and maximum orientation
change of the moment during the relaxation process must be

abilities of the states in equilibrium, s a column vector  jefined. In this case, the relaxation rate is the product of the
with all its components (_aqual to unity a”ﬁz(_'“’JrF)'_ _occupation probability of the particle’s initial level before
—1Q—1I is the matrix which contains the physical descrip- the orientation change occurs and the transition probability
t!on qf the system. This desc_rlptlon |r_1volves the line POSi-per unit time between the two levels. This rate must be
tions in the absence of relaxatian, , which are components  gymmed for all components of the random walk from initial
of the diagonal matrix}, and the natural linewidtfi'. The 4 final orientation. For example, the average 180° flip rate is
transition probability per unit time per unit occupation of given by:

statei, from statei to statej is given by Il;;=P;;, II;

=—3;P;; (i#]). For a two-level system, this gives: 2S
v=2, W,P;;/(25+1). (12)
P,1,P =1
I(w)=29‘iH( 21,P12)

P12t P2y To complete the model, a distribution of particle sizes and
S Pt _ 1 an expression for the fluctuation rat_e petween momen_t orien-
=)+ P+ T Pa1 [1H tations, R, is necessary. Our description of a magnetic fine
—Px (w+8)+Put+l'| |1 particle system assumed a log-normal particle size distribu-

(5) tion. We used Eq(3) for R. With a least-squares fitting rou-
. . tine the following parameters were used to fit spectra: Base-
and solving yields Eq(2). _ line, T, intensity, B,;, isomer shift, 7, and K. Figure 2
ThIS formahsm can be extended to CharaCterlze the manghows that, at hlgh temperatureS, our model generates the
orientations that the moment of a single-domain particle magame behavior as the two-level formalism, while at low tem-
take when it is thermally agitated at intermediate temperaperatures, collective excitations are correctly described.
tures. Consider a particle to ha8gossible orientations. The

possible angles between 0° and 180° are expressekl by IV. RESULTS AND DISCUSSION
steps from one to (8+1) so 6,=% (k—S—1/9)?. The '
magnetic hyperfine field distribution of Map’s model is Xac VS T for the FgO, ferrofluids is shown in Fig. 4 for

emulated by the resulting line positiong=(S—k+1)5/S  various measuring frequencies. Similar results were obtained
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T (K) FIG. 5. Plots ofTg vs measurement frequency for tg, mea-

FIG. 4. Th | . ¢ for th surements and Misbauer many-level model. Notice the poor
- 4. 1herma va_rlat_lon Okac Vs frequency tor the RO, __agreement of the equal area criteria, especially for the PIC.
ferrofluids. This behavior is scaled with the saturation magnetiza-

tion established for each sample, ensuring that these results exhibit Méssb ¢ lected for the diff t |
the magnetic behavior of the iron in the particles. Note the substan- ossbauer spectra collected Tor the difierent samples are

tial reduction in signal caused by aging of the 6 nm sample. Drivingm Fig. 6’ _thpf 4.5 nm ferrofluid; Fig. 7, the 6:0_nm a;-reqeived
frequencies of 10, 100, 1000, and 10 000 Hz were used to track thf(,?rmﬂu'd’ Fig. 8, the 6.0 nm aged ferrofluid; and in Fig. 9,

frequency dependence of the blocking temperatsvenmarized in  the PIC. For the ferrofluids, once the carrier liquid has frozen

Fig. 5. at around 200 K, the easy axis of each particle is frozen in a

random direction. The PIC is a powder sample ensuring a

with the PIC. For a given frequency,.(T) exhibits a maxi- random orientation for the easy axes of the particles at any
ac temperature. For all samples at high temperatures a collapsed

mum atTg when the superparamagnetic moment flip rate

coincides with the driving frequency of the measurement.“neShape with essentially zero hyperfine field is observed.

The broad peak iny,. reflects the distribution of particle At"t(r): the _sa:mgles ar?. supte;]rpz}lrama?netlcf ?nd arte aE?v:e
sizes in the ferrofluids. The ferrofluid with the smaller mean®™ 'S POINt. ©n cooling, the Tip rates of largest particies
particle sized exhibits a lowerg as the barrier to moment slow first and a sextet component develops in the spectra.

. Next, the moment flip r f smaller particl low an
reversal, set byKV, is overcome at a lower temperature. ext, the moment flip rates of smaller particles slow and a

Data for the aged 6.0 nm ferrofluid exhibit a substantial re—broad sextet becomes more distinct with line asymmetry

duction in amplitude and a shift ifig to lower temperatures. from collective exci'gations appearing. Finally, _at the l.OW.eSt
Experimental resul and Monte Carlo simulatiods indi- temperatures, less line asymmetry from collective excitations
cate that increasing interparticle interaction strength causes a

lowering of Tz and a strong suppression pf.. In addition, 1.00
the frequency dependence Bf is reduced. Thus the aging-
induced changes in the 6.0 nm ferrofluid are fully consistent
with increased interparticle interactions associated with the
visible clumping that had occurred.

The variation ofTg with measurement frequency for the
Xac data is shown in Fig. 5, where the exponential behavior
is clear in this log-linear plot. In every case, the commonly-
applied equal-area criterion over estimalgs This error is
most serious for the PIC wheikg; is high by a factor of 6.
The PIC has the widest particle size distribution of those
studied here, and therefore exhibits mixed behavior over the
widest temperature range. It is the failure to include the full
range of relaxation behavior that ultimately makes equal-area 0.80
definitions invalid. Our model correctly describes the small
superparamagnetic component of the particle size distribu-
tion at Tg for the PIC, ensuring consistent fits through the
whole temperature range, and provides excellent agreement
with the x,. results. FIG. 6. Mdssbauer spectra of the 4.5 nm;Bg ferrofluid.
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FIG. 7. Mcssbauer spectra of the 6.0 nm;Be ferrofluid.
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FIG. 9. Massbauer spectra of the polysaccharide iron complex
(P1C). Our present model cannot predict the quadrapole doublet in

occurs as moments become fully blocked. The coexistence Qfie pic and begins to fail around 30 K.
sextet and central components in the spectra over a large
range of temperatures is unlike the swift collapse within a

. : samples at all temperatures with small variations in the line-
small temperature range seen in paramagnetic to ferromag-. ) " .
) - idth (I') and K. A consistentl’ when fitting using any
netic phase transitiorfs.

. , . magnetic relaxation formalism is crucial. Line broadening in
25 levels were used in our model to fit the ferrofluid spec- . .
a spectrum should be reflected by an increase and not

tra and 36 levels for the PIC. Fewer levels would not de-.ncorrectl compensated for Hy. The paramagnetic spec-
scribe the spectra consistently for all temperatures and moﬂ[?um of thB:/a aka. pa'ri’e in the PIC éxhibitg asi n?ficant Ead_
levels simply increased the computation time for least- 9 9 9

squares fits. Table | contains some of the fitted parametel@poIe spliting which cannot readily be_ included in our
odel. As a result, we were unable to fit the PIC spectra

for the spectra. The hyperfine field was a fitted parameter fo
low-temperature spectra. As relaxation effects became do
nant, the field was fixed at 50 T to reduce the effects o
correlations between hyperfine field, linewidth and relaxatio

rate.

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

1.0

Normalized Transmission

=
~3

e
o
T

e
o]
T

FIG. 8. Masshauer spectra of the aged 6.0 nm@eferrofiuid.

|
-10
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IFbove 30 K(Fig. 9. The model correctly tracks the size of

he central component with a singlet, and is simply unable to

rProvide a doublet. Our present formalism assumes that the

nuclear Hamiltonian which is fluctuating from moment os-

cillations commutes with itself at different times. To prop-
rly predict the lineshape of the PIC, a much more complex
ormalism needs to be devised which involves Liouville su-

peroperators for solving the combined stochastic-quantum

mechanical problerfft We did not fit PIC spectra above 30

K due to this shortcoming.

Fitted values forvy and K are shown in Fig. 10, and
extrapolated 180° moment flip rates in Fig. 11. ValueXof
are in agreement with similar magnetic fine particle
system&~1" and PIC The lower value forK in the as-
received 6.0 nm ferrofluid with respect to the 4.5 nm ferrof-
luid indicates stronger interparticle interactidrfs.In gen-
eral, stronger interparticle interactions are expected in
systems with broader particle size distributions. The varia-
tion in K between the 4.5 and 6.0 nm ferrofluid is compatible
with this analysis. The further lowering of bokhandTg on
aging the 6.0 nm ferrofluid is also consistent with increased
interparticle interactions, and expected from the visible
clumping of the sample. These effects were also deduced
above from they,. data.

The temperature at which superparamagnetic relaxation
begins, i.e., when,>0, established'g for the Massbauer
spectra and is listed in Table | for the various samples. Com-
parison of these values with owt,. data, shown in Fig. 5,
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TABLE I. Summary of the fitted parameteis, By,;, andK for the samples examined with our multiple-
level model.Ty is established whemy>0 (see Fig. 10

Sample I' (mm/9 Bps (T) K(x10* J/nt) Tg (K)
4.5 nm ferrofluid 0.4320.020 50.02-0.06 3.0:0.1 30+5
6.0 nm as-received ferrofluid 0.463.024 50.04:0.08 2.4-0.2 55+5
6.0 nm aged ferrofluid 0.4(90.006 50.1-0.2 1.9+0.2 50+5
PIC 0.333:0.008 49.990.06 1.12:£0.23 10+2

clearly demonstrates that; derived from our model of the bauer(SEDM) measurements on the 4.5 nm and aged 6.0 nm
Mossbauer spectra is fully consistent with other probes oferrofluid?’ SEDM allows the effects of static disord®@r,
magnetic relaxation. Effects of interparticle interactions arecollective excitations and moment reversals to be unambigu-
again evident with the lowered value ®f of the aged 6.0 ously separated, with superparamagnetic relaxation frequen-
nm ferrofluid compared to the as-received 6.0 nm ferroffuid. cies being determined independently of theoretical expres-
Sinceryx1/VMg,*® andM¢ has been shown to exhibit a sions for the relaxation time. Moment flip rates from the
weak temperature dependerié@the often used assumption distribution generated with our model which are within the
of a constanty, (Ref. 26 is not strictly valid. We therefore time scale of the SEDM measurement, accurately model the
treatedy, as a fitted parameter, remained reasonably con- SEDM data?’
stant for a given sample across the range of temperatures,
shown in Fig. 10. A lowen for the 4.5 nm ferrofluid com-

pared with the 6.0 nm ferrofluid is consistent with an in- V. CONCLUSIONS

creasedM ¢ for smaller |o.article§.2 .The. slight r_eduction i . We have developed a complete model of magnetic single-
for the 6.0 nm ferrofluid on aging is consistent the an in-domain fine particle systems which correctly predicts the be-
crease inM due to interparticle interactiort$: havior of Mcssbauer spectra over the complete range of tem-

The average moment flip rates for the spectra are plottegeratures. Applying this model to two ferrofluids and a
as a function of temperature in Fig. 11. The usual decrease @olysaccharide iron complex, we were able to extract consis-
v with temperature is observed, typical of magnetic relaxtent values fork, lying in the expected range of 40/n?,
ation. An increase ob with stronger interparticle interac- determine the moment rotation rates from angles in the in-
tions between the 6.0 nm as-received and 6.0 nm aged feferval of 0° to 180°(allowing us to compare our results with
rofluids is consistent with previous magnetization gnd  those of simpler two-level models and collective excitatjons
studies?*® Confirmation of these moment flip rates from our and assess the blocking temperatdig, Our analysis of the
model was provided by Selective Excitation Double $do  Mossbauer spectra is in agreement with ayg (Tg) and

SEDM (v) results. For temperatures higher thBg, relax-

280 — ation rates used to described the spectra fall in the typical
240 - 4 4 4 -
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120 |- — 80 e ]
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FIG. 11. 180° moment flip relaxation rates extrapolated from
the many state modéhormalized with respect to the log-normal

FIG. 10. Plots of the pre-exponential factor of the relaxationsize distribution. The expected gradual increase of flip rate with
time vy and the anisotropy enerd¢. T is the point where/,>0. temperature for a superparamagnetic system is present.

Temperature (K)
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time region ofr=10"8-10%s. The trends exhibited fdrg, ACKNOWLEDGMENTS
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