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Measurements of the magnetic irreversibility line and time-logarithmic decay of the magnetization are
described for three F®; samples composed of regular amorphous, acicular amorphous, and crystalline nano-
particles. The relaxation rate is the largest and the irreversibility temperature is the lowest for the regular
amorphous nanoparticles. The crystalline material exhibits the lowest relaxation rate and the largest irrevers-
ibility temperature. We develop a phenomenological model to explain the details of the experimental results.
The main new aspect of the model is the dependence of the barrier for magnetic relaxation on the instantaneous
magnetization and therefore on time. The time-dependent barrier yields a natural explanation for the time-
logarithmic decay of the magnetization. Interactions between particles as well as shape and crystalline mag-
netic anisotropies define an energy scale that controls the magnetic irreversibility. Introducing this energy scale
yields a self-consistent explanation of the experimental {&@163-182699)03009-X

I. INTRODUCTION netic nanoparticles. This enables a study of the effect of
shape and crystalline anisotropies on magnetic irreversibility
A ferromagnetic particle becomes monodomain if its sizeand the relaxation rate. We find that, qualitatively, all three
d is reduced below a critical valug,~1-100 nm, deter- samples exhibit similar irreversible magnetic behavior. How-
mined by the competition between dipole and exchangever, their irreversibility lines and relaxation rates differ sig-
energies:? Below this critical size, the energy loss due to nificantly.
creation of magnetic domain wallgroportional tod?) is Irreversible magnetic behavior similar to that described
larger than the gain due to the disappearance of the dipoleere is also observed in other systems. A noticeable example
magnetic-field energy(proportional to d®). Such mon- is magnetic irreversibility in superconductdfs® In such
odomain ferromagnetic particles can be viewed as large magystems the origin for irreversibility is the interplay between
netic units, each having a magnetic moment of thousands ahermal energy and some energy barrier, which prevents
Bohr magnetons. Usually neighboring particles are wellmagnetic reorganization in those materials. The microscopic
separated10—-20 nm), and direct exchange between particlesorigin of the barrier, however, depends on the system. The
may be neglected. Thus, the magnetic properties of an asaagnetic irreversibility in nanoparticles is conventionally as-
sembly of nanoparticles are determined by the dipole fieldociated with the energy required for a particle moment re-
energy along with thermal and magnetic anisotropy energiesrientation, overcoming a barrier due to magnetic shape or
(see, e.g., Refs. 336 crystalline anisotropy. It is important to note that the barrier
Experiments conducted on magnetic nanoparticles showg considered to be independent of the magnetic moment
irreversible magnetic behavior below the “irreversibility itself®1%17-32|n superconductors, magnetic irreversibility is
line” Ti,(H). In particular, the zero-field-coole@FC) and  due to the inevitable spatial fluctuation of the superconduct-
field-cooled(FC) magnetization curves do not coincide, anding order parameter caused by defects, imperfections, etc.;
magnetic hysteresis appears M vs H curves(see, e.g., the barrier is the energy required to overcome the pinning
Refs. 7-10. Moreover, time-logarithmic magnetic relax- due to this disorder.
ation, towards the thermodynamic equilibrium state, is ob- An important concept in the theory of irreversible mag-
served belowT;,(H). Similar observations are reported here netic properties of superconductors, based on the work of
for three systems of F©, nanoparticles with different shape Andersont*~'%is that the effective barrier for magnetic re-
and crystalline magnetic anisotropies. These nanoparticlaxation increases with time. This is because the supercon-
samples were prepared by a sonochemical method, whidtlucting shielding curreniproportional to the magnetizatipn
produces  “regular” amorphous nanoparticlés!®  decays with time, causing a decrease in the Lorentz force
Sonochemical irradiation carried out in the presence of avhich drives the fluxons away from their positions. Lottis,
magnetic field results in synthesis of acicular amorphousVhite, and Dahlbertf have put forward similar arguments
nanoparticles® Annealing of amorphous particles leads to to study slow dynamics. They noticed the close analogy be-
crystallization. In this manner we have prepared regulatween ferromagnetic assemblies and superconductors. Ana-
amorphous, acicular amorphous, and crystalline ferromadyzing the results of numerical computations they concluded

0163-1829/99/5@.0)/695610)/$15.00 PRB 59 6956 ©1999 The American Physical Society



PRB 59 MAGNETIC IRREVERSIBILITY AND RELAXATION IN ... 6957

TABLE |. Characteristic parameters of the samples.

b
Sample d (nm) Surface area (fhg)
Regular amorphous ~50 148 ‘ a
Acicular amorphous ~5X%50 164 WW% " ‘ "
Crystalline ~100 88
that the decay of the demagnetizing field is the origin of the «
“quasilogarithmic” relaxation. Although the distribution of
particle sizes may explain quasi-time-logarithmic relaxation @ a8 B e w6 &

in a limited time interval, it is not necessary for the explana- 20
tion of the experimentally observed time-logarithmic relax-
ation. This approach was later employed in other studies of FiG. 1. X-ray diffraction patterns fofa) regular amorphoush)
the magnetic relaxation, for example, in thin magneticacicular amorphous, an@) crystalline samples.
films 34

In this work we adopt the concept of a time varying bar-

. X . : due, material was annealed in vacuum at 140-150°C for 3
rier and derive the phenomenological model to explain mag

ey o . ) . . '“Yh . Heating up to this temperature was necessary to evaporate
netic irreversibility and logarithmic magnetic relaxation in gup P y n

. ) . residua of solvents, particularly decaline which has a high
nanppqrncles. Thg physics for the time dependence of .thsoiling point (189—181°C). Tr):e amorphous nature of tr?e

barrier for reorientation of the maanetic moment of each‘?)articles is confirmed by x-ray diffraction, differential scan-
9 ning calorimetry (DSC) analysis, and electron-diffraction

nanoparticle depends on the internal magnetic field, Whidﬂ)atterns at selected areas as shown in Figs, 2(a), and the

includes the average dipole field from surrounding nanopare < 3a), respectively. The absence of Bragg peaks in

t'CIe.S' This average dipole f'.eld decreasefs with time due ti‘—ig. 1(a) demonstrates the absence of the long-range order in
the increase of randomness in the orientation of the magnet&

moments of the surrounding nanoparticles. This, in turn e atomic structure; the large endothermic peak in Fig). 2
. g hanoparticles. 'is, . indicates an amorphous to crystalline transition-&00 °C.
causes the increase of the effective barrier with time, yield- he el diffracti fthe i : |
ing a natural explanation to the experimental observation o €e ectron-difiraction pattern of the inset t(.) FigajGa SO
onfirms the amorphous nature of the particles. A typical

time-logarithmic relaxation, and a sample-dependent e, ;o gize of~50 nm is inferred from the transmission
versibility line and relaxation rate. Interactions between par-p . : .
electron micrographyTEM) picture of Fig. 3a).

t'CI?S as well as shape and crystalline magnetic anisotropies Acicular amorphous particles have been prepared by per-
define an energy scale that controls the magnetic |rrever5|b|#-

. . ; ; : orming sonication in external magnetic field of 7 kG for 3 h.
ity. Introducing this energy scale yields a self-consistent ex—.l_he sonication has been carried out in the M28olution of
planation of the experimental data.

This article is organized in the following way. In Sec. Il Fe(CO), in a flask open fo air. We then repeat the wash and

we describe the preparation of the three nanoparticle sy dry procedure as described above. The amorphous nature of

tems. We then describe our experimental results of irrevers%-h € particles was conﬂrmed b_y x-ray diffraction, DSC.:’ and
lected area electron-diffraction patterns as shown in Figs.

[?E(E

i

ible magnetic properties at various temperatures, fields, an ; : X
times. In Sec. lll we describe our phenomenological mode 'ctl)c)e,lg(nbg;ihacr:fdjgg I&?;;%?é:ﬁ;g?ggg Iyr; n’:‘ggﬁ?&ﬁgg
and derive equations for the irreversibility line and the mag-frorn the TEM picture of Fig. ).

netic relaxation. In Sec. IV we compare the predictions of ; o .
our model with the experimental results. Heating of amorphous B®; up to 370-380°C in ambi-
ent atmosphere for 3—4 h resulted énystalline y-Fe,O4

Il. EXPERIMENTAL
A. Sample preparation and characterization

Three FgO3; samples composed of regular amorphous,
acicular amorphous, and crystalline nanoparticles were pre- a
pared by a sonochemical methtd!® For the ultrasound ir-
radiation we used/C-600 Sonics and Materials sonicator
with Ti horn at 20 kHz and 100 W cit. In Table | we
summarize their features. One molar solution of Fe(£i@)
decaline was sonochemically irradiated f» h in ambient c
pressure at 0°C. The powder obtained was centrifuged,
washed repeatedly with dry pentat@-7 times, 8500 rpin
and dried in vacuum at room temperature for 3 h. The ma-
terial obtained has been accumulated from 2—3 sonications
and the total amount of F®; was mixed to ensure the reli- FIG. 2. Differential scanning colorimetry spectra fay regular
ability of the results. Then, in order to remove organic resi-amorphous(b) acicular amorphous, an@) crystalline samples.

10 mW

—r ———r—r—r——r—r—
200. 300. 400.
Temperature (°C)
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100 nm

FIG. 3. Transmission electron micrographs €ar regular amorphoug)) acicular amorphous, an@) crystalline samples.

nanoparticles. The nature and the internal structure of theation curves we extract the irreversibility line for the three
crystalline iron oxide were determined using the x-ray dif-samples. From the relaxation measurements we deduce the
fraction shown in Fig. (c). The DSC data, Fig.(2), do not  relaxation rate, as a function of temperature, for the three
show any endothermic peak. The TEM image of Fir)3 samples. We then present measurements of magnetization
show particles of mean size 6f100 nm. loops M(T=constH) and magnetic relaxation at different

The second column in Table | summarizes typical particleyalues of external field. The relaxation rate, as a function of
size for the three samples. The third column includes th‘?ield, is then deduced for the three samples.

total surface area of the particles, as measured by Brunauer- figyre 4 exhibits typical results of ZFC-FC magnetization

Emmett-Teller absorption using;Nyas as absorbent. curves and magnetic relaxation at 500 G for the sample com-
posed of amorphous round nanoparticles. The vertical lines
B. Magnetic measurements procedure of open circles in Fig. 4 depict the relaxation measurements

at different temperatures. The vertical arrow indicates the
%irection of the time increase. The magnetic moment relaxes
towards the equilibrium moment ., determined by the

C curve. In the inset to Fig. 4 we zoom out at the ZFC-FC

A Quantum DesigiMPMS superconducting quantum in-
terference device magnetometer was used for all magnet
measurements reported here. The irreversibility line was d

termined from ZFC and FC magnetization measurements, - . o
Before taking a data point, temperature was stabilized witurves and indicate by an arrow, the experimental definition
, f Tirr '

0.05 K accuracy and a 30 s pause was sustained. The tefit Th i laxation data of Fiq. 4 lotted i
perature at which ZFC and FC merge for a constant fitlsl _ '€ magneuc reiaxation data ot Fig. 4 are repiotted in
Fig. 5 as a function of time. The solid lines in Fig. 5 are

fi i ibility t tute,(H). W fine th . _ o - )
defined as irreversibility temperatuig,(H). We define the linear fits for M«In(t). A qualitatively similar time-

merging point using a criterio —Mgzed=0.1 emu/g. o . .
ging p g Mec—Mzed 9 garithmic decay is also observed in the other two samples.

The procedure for measurements of magnetic reIaxatiog titative diff il be di d bel
at different temperatures is as follows: The sample is coole uantitative difierences will be discussed below.

in H=2 T from room temperaturglarger thanT; (2 T)] to

a target temperatur€, the magnetic field is then reduced to T

500 G and the magnetic moment is measured for approxi- 040 li i i I H=500 G
! | i i

mately 2 h. The first data point is taken approximately 2 min
after the field change.

The field dependence of the magnetic relaxation rate is
measured afT=20 K. At this temperature the field is 5.
ramped up ttH=2 T and reduced back to a target fiéid 035fr= [/ " T
from where the measurements start. The same has been re- B R R /ZFc
peated for negative fieltH=—2 T with a consequent in- T(K)
crease of the magnetic field to a target value.

M (emu)
emu
<

0.30 1 1 L I L . L L
0O 10 20 30 40 50 60 70 80 90

T (K
The experimental results in this section are organized as )
follows: we first showM(T,H=const) data, and related  FIG. 4. Typical ZFC-FC curves with superimposed relaxation
measurements of magnetic relaxation at different tempergor the amorphous sample measured at 500 G at different tempera-
tures. From the merging point of the ZFC and FC magnetitures.Inset full-range ZFC-FC curve.

C. Results
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. . . FIG. 7. Scaling of thevi(T) FC-ZFC curves with irreversibilit
FIG. 5. Typical relaxation curves measured in the amorphou§emperature 9 (M y

sample in 500 G at different temperatures.

We define the “normalized relaxation rate"R e show in Fig. 9 (H) for the amorphous nanoparticles at
=[dMIdIn(t)/Mc, i.e., the logarithmic slope of the relax- T=5 and 100 K. Magnetic hysteresis is apparent at 5 K,
ation curve normalized by the magnitude of the irreversiblgynereas the behavior is purely reversible at 100 K.
magnetization at which the relaxation starté].=Mg The relaxation at different values of the external magnetic
~Mey. Here My is the initial value of the total magnetic fig|q s shown in Fig. 10. The vertical lines represéhgt)
moment andv e, is the magnetic moment corresponding 10 &, ryes shown along with the standard magnetization loop.

ggli(;Sggggr:no??gm%e':gg:g ?‘osrutr;?(ran?hrizisstggp\)llaelse,fftolfow-rhe field dependences of the relaxation rates for our samples
enough temperature} is the lowest for the crystalline are shown in Fig. 11. There is an apparent chang® bre-

. : . tween low and high fields. At lower fieldR is the largest in
sample, intermediate for the acicular amorphous sample and

the largest for the regular amorphous sample. Note, that &" amorphous sample, Where"?‘s at large fields the relaxation
higher temperatures it looks as K(T) curves will cross. rate in an amorphous sample is the lowest.

This is due to a large difference in the absolute valueg,;pf

(90, 162, and 216 K at 500 G for regular amorphous, acicular

amorphous, and crystalline, respectiyels shown in Fig. . MAGNETIC RELAXATION IN THE ASSEMBLY

7, M(T) curves scale witfT;, and, therefore, in the inset to OF NANOPARTICLES

Fig. 6 we plotR vs T/T;,. In this presentation, the whole
R(T/T;,) curve of the crystalline sample is lower than that of
the acicular amorphous sample and both are lower thaR the

curve of the regular amorphous sample. Magnetic relaxation is a distinct feature of systems with
In Fig. 8 we compare the irreversibility lines for the three jnaacting particles, far from thermodynamic equilibrium. In
samples.'The Iargest |'rreverS|b|I|ty is fqund ina crystallllnean assembly of ferromagnetic nanoparticles, the elementary
2?21%2' Iéﬁi;?ﬁ]d;ﬂf nlarn Jlr; ;ﬁrgrplEoﬁggaﬁlﬁzla\;vgzggclgi rocess of a change in the magnetization is the rotation of the
9 P pie. P magnetic moment of a nanopartidler cluster of such mag-

these observations below. ; .
s - . netic moments In the following we assume that the mag-
Magnetic irreversibility belowr,, is also demonstrated by . . . .
netic anisotropy of each nanoparticle is strong enough to

measuring the magnetization loops(H). As an example, o . ) . .
g g PeCH) P utilize an Ising-like model, i.e., the magnetic moment of each

A. Time-dependent effective barrier
for magnetic reorganization

0.15 T T T -
/AAA o A T T T
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A A a le) g P
/ o —B— acicular amorphous
/ \ SR Wt oL PR \ —O— crystalline
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FIG. 6. Normalized logarithmic relaxation rafefor three types H (G)

of samples as a function of temperatureset: Ras a function of a
reduced temperature/T;, . FIG. 8. Irreversibility lines for three types of samples.
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FIG. 9. Typical magnetization loops @t=5 K (open circley
and atT=100 K (solid line). FIG. 11. Normalized logarithmic relaxation rat for three

samples as a function of magnetic fieldTat20 K.

particle is aligned only along the anisotropy axis. In Fig. o ) ) ]
12(a) we illustrate schematically the orientation of the el- the other minima\{/;). The backward reorientation requires

ementary magnetic moments of several of such nanopafVercoming the energy barriéf,; . o

ticles. The full arrows represent the size and direction of In order to take interparticle interactions into account we
each magnetic moment. The experimentally measured magiéw the fieldH in Eq. (1) as the internal magnetic field,
netic moment is determined by the sum of the projections ofVhich is the sum of the external field and the dipole field
each individual particle’s moment on the direction of thefrom the surrounding nanoparticles. This local magnetic field
external magnetic field. Note that the directions of the easfiépends .on the directions of neighboring magnetic
axes are randomly distributed. For such a system, the energ"gomentsg. ~°"Since the magnetic moment is a statistical av-
W of each magnetic nanoparticle, neglecting for the momengrage of those moments, the local field depends, on the av-

the interparticle interactions, varies with the anglé'as erage, on the total magnetic moment. This induces a feed-
back mechanism: each reorientation of an individual

W=KV sir?(o— 6)—MH cog ¢). (1) panopartic_le dgcreases the total magnetic moment. This is
illustrated in Figs. 1@&) and 12b). Figure 12a) represents a

Here @ is the angle between the easy aKisind the external Snapshot of a field-cooled system of nanoparticles in which
magnetic fieldH, and ¢ is the angle between the particle most O.f the !nd|v_|dual magnetic moments are favorably ori-

. - i ented in a direction such that their projections are along the
magnetic momeni, and the external field. In order to have gyiernga| field. After a field decrease, as a result of thermal
any magnetic irreversibility and relaxation, th&/ term in -, cyations, some magnetic moments reorient so that their
Eq. (1) must be larger than thill ;H term and we will con- roiaction is antiparallel to the external field. The open ar-
sider this limiting case. The reduced eneMf)kV of EQ.(1)  rows in Fig. 12b) represent those reoriented moments.
is plotted in Fig. 13 as a function of the angjefor two Since the local dipole field decreases during this process,
different fieldsH,=2.5KV/M (bold) andH,=0.KV/M;,  the average barridd,, increases. As indicated in the Intro-
(light). Since the magnetic anisotropy has no preferable digyction, an increase of the barrier with time is a characteris-
rection, there are two minima in the angular dependence f¢ of other irreversible systems, such as type-Il supercon-
the energy, as shown in Fig. 13. The external magnetic field|,ctors in the process of magnetic flux creep.

fixes the direction of the lowest minima. We denotely, The dynamics resulting from such a scenario is sketched
the barrier for reorientation from the lowest minima/{) to

05

regular amorphous

Iv\f\ <M> I’\J.\ <M>
R

M (emu)

0.0

0 2000 2000 @ ()

FIG. 10. Magnetic relaxation at different values of magnetic = FIG. 12. Schematic snapshots of magnetic moments distribution
field. Vertical lines are thé(t) curves superimposed on a regular in powder sample a) beginning of the relaxation an) at later
magnetization loop measured at the same temperature. time.
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FIG. 13. Energy profiles after FC in high magnetic field,} FIG. 14. Energy profiles at the beginning and at the latter stage
and after reduction of the magnetic field, when the relaxation startsf the relaxation. Dots indicate population of magnetic moments of
(Hy). the particular energy minima.

in Fig. 14. Immediately after reducing the magnetic field,  considering the balance of forward and backward rota-
individual magnetic moments are still along the direction Oftions, and averaging over the volume of the sample, we show

the external field, i.e., in minim@/, of Fig. 13, as depicted i the Appendix that magnetic relaxation is described by a
by the dense population of the black dots. During the relaxy;tferential equation similar to that derived for

ation process magnetic moments flip to the miniméf in superconductof&6
the figure. Since, as discussed above, this barrier depends on
the total magnetic moment via dipole fields, it will increase

with time as shown in the figure, with dipole fields working ﬂ: —AMcexp< — B) , 2
on the average against the external field. The total magnetic at T

moment along the magnetic field is thus decreased, as . . . .
sketched in Fig. 1®). whereA is an attempt frequency andlis an effective barrier

for magnetic relaxation given by

B. Equations of magnetic relaxation

M
In a realistic sample, the directions of easy axes are ran- U= Uo( 1- M_> 3
domly distributed, the particles cannot physically rotaey., 0
in a dense powder of ferromagnetic nanoparticlesd di- here
pole interactions are strong. We will model this situation as
outlined below. Uo=2KV+4M y(H— yM o)/ 7 ()

Any given particlei in Fig. 12 has an anisotropy axis at a
fixed angle6; relative to the external magnetic field. The 5 Mo=1/y(7KVI2M ;+ H— yM o). Here v is the con-
p rev/ -

magnetic moment of this particle is then oriented at an angl@ant accounting for the strength of the dipole-dipole interac-
¢; to the field. This angle is defined by the nonlocal energy;ons M s the magnetic moment of an individual particle,
minimization, due to dipole fields of the surrounding. It is i g thepanisotropy constant andis the particle volume.
important to note that each particle interacts with a IocaIApparentIy asy—0 the energy barriet —U,, thusU, is
magnetic fieldH; which is the result of a vector sum of the (he parrier in the assembly of noninteracting particles. It is
external and dipole fields. At small enough external field ang, ., noting that in our model the barrier depends on the
large enough anisotropy; may have two valuésp;~6; or  agnetic moment in the same way as that used by
@i~ 0;+ m, which leads to the situation described in Fig. 13, Andersof*for a description of magnetic relaxation in su-

with two energy minima atWy~—MgH; cos@) and W,  perconductors. In the following we analyze magnetic relax-
~M_H; cos@). Thermal fluctuations may force a particle ztion described by those equations.

moment in the minimaV; to change its direction to another  if the barrier for a particle moment reorientation does not
minima W, and vise versa. TheV/;— W, rotation requires depend on the total magnetic moment, i.¢=0 and U

overcoming a barriet)|,, and a barriety}, for backward =U,, direct integration of Eq(2) yields
rotation, see EqstAl) and (A2) of the Appendix, respec-
tively. We then assume that the figit| can be represented M=M,exp —t/7), (5)

as a simple sum of the external fid¢fdand the collinear t¢d

dipole fieldH (i.e., independent of;). The amplitude of a where M. is the initial irreversible magnetization ant
dipole fieldH4 at any given site depends upon orientations of=expUgy/T)/A is the macroscopiccharacteristic relaxation
the moments of the surrounding particles. If those orientatime. This result is very similar to that derived in early works
tions are totally randoniminima W; and W, are equally for classical Nel's superparamagnetic relaxation, see e.g.,
occupied the dipole field is small, whereas if all surrounding Ref. 37. This exponential decay is observed experimentally,
particles are in one of the minima the resulting dipole field isfor example, in the work of Wegrowet al® on a single
maximal. From this simple analysis, we conclude that thenanowire.

magnitude of a dipole field depends upon the total magnetic If interactions are not negligible, ER) may be rewritten
momentM. in dimensionless form:
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Ju T.«(H) andR(H) in different samples provide a verification
— =—exp —u), (6)  of our model on self-consistency.
T It is interesting to note that the expression My, EQ.
whereu=U/T and>=t/T with (13), is typical for the blocking temperature of individual
noninteracting particles, which is obtained from E5).
~ Mg T 1 7T T
M U A 2AMM, A’ ™ o__ Yo (14)
Iirr

o
where we introduced an energy scélle which, as we show In(At/t*)

below, determines the relaxation process and the irreversibilyheret* = 1/(A In|M./AM)|) is the characteristic time and,

ity line: is given by Eq.(4). Energy U, is proportional toKV for
noninteracting nanoparticles, but it is reduced by a term pro-

O=McUo/Mo=4yMM,/. ®) portional to y due to interparticle interactions. This is in

This energy is directly related to the strength of the interparagreement with previous works where “static’ modifica-
ticle interactions. tions of the barrier for relaxation were considetéd>=8|r-
Solving Eq.(6) we obtain reversibility temperature, Eq14) approaches 0 wheaM

—0, and so doe¥?, . This reveals an important difference in
) the physics of the irreversibility line in interacting and non-
' interacting particles. In the former, there is a true irrevers-
ibility in the limit AM—0 associated with freezing of mag-
netic moments due to interparticle interactions. In the case of
rhoninteracting nanoparticles, the apparent irreversibility is
due to experimental limitation@inite sensitivity, e.g.AM).
5 U, T Uy—© It is ?mportant to stress that this is trug only on a macro-
to=t exp(?> = mexp{ T ) (10 scopic time scaldt>t*, such as relaxation dvl(T) mea-
surements. If, however\t<t* is realized, for example in
Now, using Eqgs(3) and(9) we get the time evolution of the Mossbhauer measurements, one may detect the irreversibility
magnetic moment: temperature according to E(4).17243°
We also note that in any cadg, is a dynamic crossover
from a reversible to an irreversible state and is defined for a
particular experimental time windowt. In the following
section we compare our experimental observations with the
Normalized relaxation rat®R=|JdM/dIn(t)|/M. is given  model developed above.

by

t
u=u,+ In( 1+ —

to
whereu.=U_/T is the reduced effective energy barrier at
t=0, the time when the relaxation starts. The normalizatio
time tq is given by

t
1+—

1 TI

) . (17

M(t)=M,

IV. DISCUSSION
T t

R=G it (12)

Our phenomenological model provides a description of
the irreversible magnetic behavior in the assembly of ferro-
As we will see below, experiment shows thgt1l s. Inour  magnetic nanoparticles. In particular, the model predicts the
measurements typical time windawt~100 s, therefore we  time-logarithmic decay of the magnetization, see Ed).

can assumé>t, and Eq.(12) predicts that the relaxation Also, Eqgs.(12) and (13) relate both the irreversibility line
rate saturates &R=T/0. Thus, measurements of the nor- and the relaxation rate to a Sing|e paramet@'

malized relaxation rate can provide a direct estimate of the:4yMch/7T_

energy scalé governing the relaxation process. The magnetic relaxation data of Fig. 5 reveal, indeed,
time-logarithmic relaxation. Fitting these data to Edl)
C. Irreversibility temperature yields the parameters d@fi, and®. In Fig. 15 we plot the

derived energy® as a function of temperature for the three
samples and find tha® is the largest for a crystalline
sample, intermediate for an acicular amorphous and the low-
est for a regular amorphous sample. The straightforward ex-

The irreversibility temperaturd;, of the assembly of
magnetic nanoparticles is defined by the condition
M(At,T;;)=AM. HereAM is the smallest measured mag-
netic moment andt is the time window of the experiment.

Using Eq.(11) we obtain planation is f[hat in a_crystalline sample boﬁhanq M, are
the largest; in an acicular amorphous samidg is of the
1-AM/M, ® same order as in the regular amorphous,pig much larger

Tin=0 IN(1+ Aty In(1+Attg)" (13 due to shape anisotropy.

Similarly, we derive the magnetic-field dependencedof
thus we can estimate the characteristic tiprom measure-  from the data of Fig. 10 and pl@(H) for three samples in
ments ofT;,, because the ener@y can be determined sepa- Fig. 16. We note thakl, and y should not depend on mag-
rately from the measurements of the relaxation r&e netic field. It is therefore expected that the field dependence
~T/®. On the other hand, the irreversibility ling,(H) of O is determined by the field dependence Mf~Mg
gives the field dependence ©f. The latter may be obtained —M (H), which decreases with field, Fig. 10. Figure 16
also from R(H) measurements. Thus measurements ofhows the agreement with this observation. The weak in-
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FIG. 15. Temperature dependence of enefgextracted from 10' 10° 10° 10°
the measurements of normalized relaxation rate for the three H (G)
samples. o
FIG. 16. Magnetic-field dependence of the ene®y
crease of@_ with temperature, Fig. 15, may be relate(_j to ACKNOWLEDGMENTS
some nonlinear dependence of barri¢ron the magnetic ) ) .
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lective behavior of the whole assembly controlled by the
effective barrier®, see Eq.(10), and not a single-particle
barrierKV.

Let us now compare the irreversibility lines of different
samples, Fig. 8. In most parts of this diagram the region of Here we consider in detail the model outlined in the text.
the irreversible behavior is the largest for a crystallinewe assume that magnetic momévt, of any given particle
sample. The amorphous sample containing acicular particlgscan be in one of the two possible energy minirwfl'm
occupies the intermediate space and the amorphous sample,\/|p|_|i cos@) or Wi2~MpHi cos@). These minima are
embraces the smallest space in thibi phase diagram. Such genarated by the barrier of heighKV + M pHisin(8). In the
behavior is naturally explained in terms of a strength of in-presence of thermal fluctuations, a particle moment sitting in
terparticle interactions, which are the smallest in the case g}, minimaW, can spontaneously change its direction to the

a regular amorphous sample, mtgrmedlate for an alC'Cmaﬁext minimaW‘z. The energy barrier for such reorientation is
amorphous sampl@lue to shape anisotropgand the largest

APPENDIX EFFECTIVE BARRIER FOR MAGNETIC
RELAXATION AND EQUATION FOR TIME EVOLUTION
OF THE MAGNETIC MOMENT

fqr a cry.stalline _sa.mple due to crystalline anisotropy. AISQ, ilzz KV+ M H;[sin(6;) + cog 6;)]. (A1)
highest irreversibility temperature of crystalline sample is
understood on the basis of its largest particle size. The backward rotation is also possible and requires over-

coming the barrier:

V. SUMMARY AND CONCLUSIONS Uby=KV+M Hi[sin(6;) —cog 6))]. (A2)

We presented measurements of irreversible magnetization From this point on one can conduct a self-consistent sta-
as a function of temperature, time, and magnetic field irtistical average over angles(H; ,t,6;) in order to evaluate
three types of ferromagnetic nanoparticles: regular amorthe resulting magnetic momekt of the system. On the other
phous, acicular amorphous, and crystalline nanoparticlehiand, we may try to simplify the problem assuming that the
The results are interpreted using a developed phenomenaternal fieldH; can be represented as a simple sum of the
logical approach based on the assumption that the barrier f@xternal fieldH and the collinear to it dipole fielti (i.e.,
magnetic moment reorientation depends on the total magndependent of);). If all easy axes are randomly distributed
netic moment via dipole fields. This explains the time-the average barrier for flux reorientation is then given by
logarithmic magnetic relaxation governed by the energy

scale ® related to interparticle interaction. Values 6f Nk 2 (w2

found from measurements of the irreversibility line and the UkE<Ui>k:N_Z Ui~— f u(6)de,

relaxation rate are in perfect agreement, implying the validity k=1 0

of our model. wherek=12 or 21 denotes particle’s moment flipping from

We demonstrate the influence of a shape anisotropy othe minimaW,; to the minimaW,, or backward, respec-

magnetic properties of nanoparticles, i.e., irreversible magtively. Using Egs.(A1) and (A2) we find
netic response of acicular amorphous particles is close to that

found in crystalline particles. Upo=KV+4MH;/m7, (A3)
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Uy =KV. (A4) We shall now consider direct and backward moment ro-
tation processes in a nonequilibrium state. As above, we de-
Let us now consider a situation where temperature isiote byN; andN, number of moments in energy minima 1
higher than irreversibility temperature and system is at therand 2, respectively. The total number of particles in the sys-
mal equilibrium. The number of particles jumping per tem isN=N,+N,. The magnetic moment is proportional to
unit time from one minima to another is proportional to the differencen=N;—N,. During small timeét this differ-

N, exp(=U,/T). The condition for equilibrium is ence changes as
Nle*UlZ/T: Nze*U21/T.
Uy U,
Thus sn=|Njexp — < | ~N2exg - = St. (A10)
Up—Uy 4M  H;
N2: Nl expg —————| = 1 exp — . . . . .
T T Using simple algebra and the above relationships between

It is clear that the difference=N;—N, determines the re- N1, N2, n, andN, we get

sulting magnetic moment of a system. If the total number of

particles in the system i, the differencen is Sn U,+U, U,—U,
5o & T ncos T
1—exp(—4MyH;/7T) 2MH;
n=N;—N,=N =Ntanh ———|.
1+eXF(—4MpHi/7TT) aT . Ul_UZ
(A5) +Nsin . (Al11)
T
The total reversible magnetic moment then is
OM.H. From this we arrive at a nonlinear differential equation gov-
M e=M n=M_ N tanr( p ')_ (A6)  ering process of magnetic relaxatinnt too close to equi-
P P T librium:
This formula is similar to the expression for the Ising super-
paramagnet and simply reflects the two-state nature of our g U,+U, U,—U,
model?’“% The difference is, however, that the physical e —Aex;{ T )[(Mre\pL M)cosl{ < )
magnetic field is the totalexternal+ dipole) field H; .
Dipole field Hy at any given site depends upon orienta- - {U;—-U,
tions of the moments of the surrounding particles. If those +Mssin = : (Al12)

orientations are totally randorfminima W; and W, are
equally occupief the dipole field is small, whereas if all
surrounding particles are situated in one of the minima thavhereA is a constant measured in‘sand having the mean-
resulting dipole field is maximal. From this simple picture, ing of attempt frequency.

we conclude that the magnitude of a dipole field depends Equation(A12) can be simplified considering magnetic
upon the total magnetic moment of a samples,+ M, relaxation not too close to equilibrium and retaining our as-
where M, is given by Eq. A6 andM is the irreversible, sumption that anisotropy contribution to the magnetic energy
time-dependent contribution to the total magnetic moments much larger than that of magnetic fieldoth conditions
resulting from the finite relaxation time needed for a systen@re better satisfied at low fieldsn this case, EqA12) may

to equilibrate. Therefore, we may writei=H—y(M,, D€ approximated in a reduced form:

+M). Herev is the coefficient accounting for the contribu-
tion of dipole fields. Now we can obtain the equation for

reversible magnetization from EGAG): % =—AM exp —U/T), (A13)
tanh(2M ,H/ 7 T)
M rev> M S ’ (A7) . . . .
1+y(2M Ms/7T) whereM. is the total magnetic moment at the beginning of

whereM s=MN. We note that this formula is valid at small relaxation andJ is the effective barrier.

enough fields M H/7<T when particle moments are al-

most locked along the easy axes and small enough interac- M
tions(i.e.,H>yM,). The important result is that reversible =~ U=2KV+4My(H—yM,— yM)/ 7= Uo( 1- M_) ,
magnetization decreases as the interparticles interaction in- 0( Al4)
creases. Interestingly, EGA7) provides a good description
of the experimental data.

Thus, the barriers for moment reorientation in E¢s3) ~ Where Uo=KV+4My(H—yM)/ 7 and
and (A4) can be rewritten as Mo= 1y(mKVI2M;+H—=yMe,).

We reiterate that EAL13) is valid only in the case when
U;=KV+4M [H—=y(M+M)]/m, (A8) the magnetic anisotropy is large and magnetic moment is far

from equilibrium. Close to equilibrium, one ought to con-
U,=KV. (A9)  sider Eq.(A12).
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