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Muon spin relaxation study of spin dynamics in a polysaccharide
iron complex

J. van Lierop,a) D. H. Ryan, M. E. Pumarol, and M. Roseman
Physics Department, Centre for the Physics of Materials, McGill University, 3600 University Street,
Montreal, Quebec H3A 2T8, Canada

Polysaccharide iron complex, a ferritin analog, has been examined with zero-field muon
spin-relaxation at temperatures from 2 to 40 K. Spectra exhibit a clear separation of static moments
and collective excitations at low temperatures. At intermediate temperatures, superparamagnetic
relaxation is observed and a blocking temperature ofTB51062.5 K is measured, in agreement with
transmission Mo¨ssbauer spectra and frequency dependentxac data. Superparamagnetic relaxation
rates of 20–150 MHz are in agreement with those extrapolated from Mo¨ssbauer spectra using a
multilevel magnetic relaxation model. ©2001 American Institute of Physics.
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I. INTRODUCTION

The basic unit of a fine particle system is a single d
main particle. At the lowest temperatures the magnetiza
direction of the particle will remain fixed along its easy ax
in a blocked state. With increasing temperature, the partic
moment will begin to oscillate around its easy axis, und
going collective excitations.1 The thermal energy grows with
rising temperature until 180° moment flips occur about
easy axis. The temperature at which moment flips begi
the blocking temperatureTB of the particle. The moment is
now superparamagnetic, and its flip rate or relaxation r
will increase rapidly with rising temperature. In a real sy
tem, a distribution of particle sizes and interparticle inter
tions smear the temperatures at which the transitions f
blocked to collective excitations and superparamagnet
occur. Interparticle interactions will affect the anisotropy e
ergies of particle moments and change the temperatur
which spin flips will occur. With a distribution of particle
sizes, at any given intermediate temperature, moment
large particle will be blocked, intermediately sized partic
moments will undergo collective excitations, while the m
ments from smaller particles will be superparamagnetic.

Characterizing spin dynamics in a real fine particle s
tem hinges upon the ability to clearly separate magnetic
laxation effects from the particle size distribution. Since va
ous measurement techniques are sensitive to diffe
regions of the particle size distribution andTB is usually
defined as the temperature at which the relaxation time
measuring time coincide, comparison of this and other m
netic properties determined by different methods can be
ficult. For example, magnetization measurements, with
slow measuring time, are most sensitive to moments fr
large particles while susceptibility measurements will p
vide the strongest signal for moments which are oscillat
with a rate similar to the ac measuring frequency.

Zero-field experimental techniques are best suited
studying spin dynamics in fine particle systems as there is
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external magnetic field which may affect the magnetic b
havior of the system. Transmission Mo¨ssbauer spectros
copy2,3 and selective excitation double Mo¨ssbauer
spectroscopy4 are such tools, where spin dynamics can
separated from the effects of interparticle interactions an
particle size distribution. Another zero-field experimen
technique which offers distinct signals from static and d
namic magnetic moments is muon spin relaxation~mSR!
spectroscopy.

The muon is a sensitive local magnetic probe, wh
zero fieldmSR ~ZF-mSR! provides a Kubo–Toyabe type lin
shape in the early time channels from static magnetic beh
ior and an exponential decay in later time channels from s
dynamics. With a relaxation time window which spans se
eral decades, results obtained usingmSR can be compared
with those from Mo¨ssbauer spectra and the relaxation ra
of collective exactions can be observed, a phenomena w
appears static on the time scale of the Mo¨ssbauer effect.

We have examined a polysaccharide iron comp
~PIC!5 with ZF-mSR. Defining spectral features from stat
moments, collective excitations and superparamagnetic
flips have establishedmSR as a useful tool for probing mag
netism in fine particle systems. Comparisons with transm
sion Mössbauer spectra andxac data result in the appropriat
scaling ofTB with the measuring time. Spin flip relaxatio
times determined with ZF-mSR are in agreement with ou
multilevel transmission Mo¨ssbauer spectra description.

II. EXPERIMENTAL METHODS

A ferritin analog, the akagane´ite based PIC had a mea
particle size of 6.5 nm.6 Basic magnetic characterization wa
carried out on a commercial susceptometer/magnetom
57Fe Mössbauer spectra were obtained on a const
acceleration spectrometer using a 1 GBq 57CoRh source.
Temperatures between 12 K and room temperature w
achieved using a vibration-isolated closed-cycle refrigera
A helium flow cryostat was used to reach temperatures fr
2 to 10 K. Mössbauer spectra were fitted using a multilev
relaxation model.2,3 Zero-field mSR measurements wer
made on the M20 beamline at TRIUMF. Sample te
il:
5 © 2001 American Institute of Physics
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peratures were controlled between 2 and 40 K in a hel
flow cryostat. Field zero was set to better than 1mT using a
flux gate magnetometer. Samples were 200 mg cm22 thick
over a 16 mm diam active area. Histograms contain
1 – 43107 events were acquired with a timing resolution
0.8 ns.

The static order in the samples were fitted using
Kubo–Toyabe ~KT! function:7 Gz(D)5 1

31 2
3@12(Dt)2#

3exp(2(Dt)2/2) with D/gm representing the probability dis
tribution of local fields wheregm is the muon’s gyromag-
netic ratio. Spin dynamics were fitted using a exponenti8

Ad5exp(2lt) with l a spin relaxation rate.

III. RESULTS AND DISCUSSION

Typical mSR spectra for PIC are shown in Fig. 1. Ma
netic fluctuations couple to the muon spin and cause an
ponential decay of the observed polarization. The in
shows that this exponential decay changes character at
times. A characteristic KT minimum is observed, indicati
the presence of static magnetic order. As PIC is a synth
complex of akagane´ite with a carbohydrate shell having a
iron content of approximately 50%6 by weight, it is plausible
to expect one contribution from the carbohydrate shell a
another contribution to be due to the akagane´ite. Muon de-
polarization from the static moments in the core will result
a KT line shape. Stray field effects from the antiferroma
netic core should be negligible, so the diamagnetic carbo
drate shell will have a small internal field and muon dep
larization from the shell should exhibit a temperatu
independent relaxation.

We have fitted the PICmSR spectra with the following
line shape: A5A0$zAd(l1)3Gz(D)1(12z)Ad(l2)%
whereA0 is the initial instrumental detector asymmetry andz
the fraction of the two spectral components. Examining F
1, we see that this accurately models the spectral line sh
A fitted z50.5360.03 is in agreement with the weight rat
of the ferric and carbohydrate components of PIC. Fit res

FIG. 1. Typical mSR spectra for PIC at 5 K. Inset shows the early tim
region of the data where the static KT minimum with fast relaxation
observed. Solid lines are fits to functions.
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are shown in Fig. 2. At the lowest temperatures, a largeD
indicates blocked magnetic moments of the larger partic
in the PIC. At 10 K,D begins to decrease as these mome
begin to unblock from thermal fluctuations which cause
average static moment to decrease.8 After 10 K, a larger
fraction of moments begin to unblock until 20 K where th
small D indicates that all but the largest particles have u
blocked.

Spin dynamics at temperatures below 10 K consist of
particle moments in the PIC undergoing collective exci
tions. These collective excitations result inl1;40 MHz. As
the muon is sensitive to a wider range of measuring frequ
cies, collective excitations, which appear static during
;10 MHz measuring frequency of the Mo¨ssbauer effect, will
exhibit dynamic behavior withmSR. This trend is consisten
with Mo”rup’s collective excitation model, which assum
that the moment fluctuations are faster than the Mo¨ssbauer
effect measuring frequency.1 Additional evidence of collec-
tive excitations is demonstrated by the final depolarization
the low temperature spectra not decaying to zero~e.g., Fig.
1!. This offset marks the fraction of muons in the magne
core that arenot undergoing superparamagnetic relaxatio
and decreases with rising temperature as moments beg
fluctuate. When moments begin to unblock at 10 K, a sm
decrease in the measured relaxation rate of the iron part
occurs. As the number of particle moments that are unde
ing superparamagnetic spin flips increases with temperat
the fraction of the depolarization from the superparamagn
moments becomes larger than the component from mom
that are undergoing collective excitations. At;15 K, more

FIG. 2. Temperature dependence of the static~D! and dynamic~l! relax-
ation rates in PIC. The decrease inD and increase inl indicate when
moments begin to unblock atTB . Notice the similar ratio of moments un
dergoing collective excitations~CEs! and superparamagnetism~SP! from
the Mössbauer model andmSR (D/D0) results~inset to top plot! and agree-
ment of relaxation rates from themSR ~h! and transmission Mo¨ssbauer fits
~n!. The solid line is a guide to the eye.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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moments are undergoing slow superparamagnetic relaxa
then collective excitations, and a small decrease inl1 oc-
curs. As more moments become superparamagnetic,l1 in-
creases dramatically. The fitted relaxation rates are in g
agreement with those used to fit the transmission Mo¨ssbauer
spectra~Fig. 2!. The ratio of moments undergoing collectiv
excitations and those that are superparamagnetic in the
ticle distribution determined from themSR data~D/D0 where
D05D extrapolated to 0 K! and transmission Mo¨ssbauer
model are in good agreement~see inset to Fig. 2!. To com-
pare blocking temperatures betweenxac, Mössbauer and
mSR results, it is necessary to establish the measuring
of the muon when moments begin to unblock. From the
pressiontm5l/(D/(2p))2,7 tm51.360.331028 s at 10 K.
This calculatedtm andTB51062.5 K are in excellent agree
ment with TB extrapolated from frequency dependentxac

results and our multilevel transmission Mo¨ssbauer model
shown in Fig. 3. Finally, the carbohydrate coating of the P
results in a slow temperature independent relaxation w
l250.5860.02 MHz, consistent with slow dipole mome
fluctuations.

IV. CONCLUSIONS

ZF-mSR has been used to examine a magnetic fine
ticle system. Static moments, collective excitations, and
perparamagnetic relaxation have been clearly distinguis
in the presence of a distribution of particle sizes. A mom
fluctuation frequency of 4061 MHz for the collective exci-
tations is consistent with Mo”rup’s model. The blocking tem
perature of 1062.5 K is in excellent agreement with tran
mission Mössbauer and xac data. Superparamagnet
relaxation rates are in agreement with those used in our m
tilevel transmission Mo¨ssbauer spectra model, confirmin
the validity of this description.
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FIG. 3. Plots ofTB vs measurement frequency for the ZF-mSR, xac mea-
surements, and Mo¨ssbauer multilevel model.
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