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Magnetic viscosity effect in ac susceptibility measurements
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The linear and nonlinear initial ac susceptibilities of thermally relaxing particulate media are derived per-
turbatively from a master equation. A distribution of activation energies endows the real part of linear suscep-
tibility with a logarithmic dependence on frequency in analogy to magnetic viscosity in dc fields, the propor-
tionality constant is found to be only weakly dependent on temperature via its dependence on thermal stability
of the equilibrium state. The temperature and frequency range of this ac viscosity effect are enhanced by
ferromagnetic coupling and the predicted behavior is compared with experimental data,{BiOi;
granular films[S0163-182608)00901-]

The theory of thermally activated decay of a metastablénto the field direction. At small fieldgh| <1 the particle has
state predicts an exponential time dependence while in exwo energy minima whose occupation probabilities and
periment, as a rule, one detects a decay law far better apr,=1—n, satisfy the master equation
proximated by the logarithmic function. In magnetic materi-
als this phenomenon is known as the magnetic viscosity dn,/dt=— k3N + k31N3, 3)
effect™ and since the works of Street and Wolley is
associated with a distribution of barrier heights within the
thermally relaxing sample.

A distribution of barrier heights has an equally dramatic
influence on the nonequilibrium initial ac response. A maste{ynere T is temperature Kg=1) and the prefactor is
equation analysis predictsee belowthat the linear ac sus- ggtimate8i asf,~10' Hz. Forh=0 the minima (=1 and
ceptibility x{"(w)>(w?+4x5) ", wherew is the probing  3) and maxima =2 and 4) of Eq.(2) are located at
field frequency andk, is the thermal relaxation rate. Rather g. = g+ (i —1)/2, their perturbed positions may be deter-

than this inverse power law, however, a logarithmic depenmined by solving the equaticthE/d =0 in separate powers
dence on frequency, with proportionality const&at, of ho. There is

where;; are thermally activated transition rates defined as

K” — foe*(Eszi)/T_‘_ foei(E“iEi)/T,

XM ()x—Sydnw, (1)

ka1(h)=rK15(—h)= >, Khhcodwt,
has recently been reporfetbr particulate media. We show al 13 IZEO o

here that this phenomenon shares a common origin with theh h field rel . Cf e QT O
magnetic viscosity effect and analyze the temperature anf éare the zero- Iel rt? axar'cllonh(ahtq)— 0; , Q=KYV,
coupling strength dependence of the ac magnetic viscositgd after some algebra the higher-order coefficients are
S, defined by Eq(1). The theoretical analysis is then com- 0und 0 bex;=20kcos8, k,=0(2d—1)xo, and

ared with experimental data for i _y Qranular
P P MBI 0 k3= (a/6)[ 1667~ 129~ 3 (80~ 3)C0528 0SB,

We consider first a model noninteracting medium formedyith q=Q/T. The steady-state, particular solutions of Eq.
by an array of single domain, uniaxial ferromagnetic par-(3) then lead tb

ticles with anisotropy constamt, activation volumeV, and
energy m(t) =n,cosh; + N3Ccoh; (4)

E/KV=sir?(6— B)—2h co. (2
= > [x{Vcodwt+ x{¥sinl wtlh}),
The easy axis and the magnetization vedfbspan, respec- odd|
tively, the angles 8 and 6 with the applied field ®)
H(t) =Hgcoswt; for |l\7||=MS we further define the nucle- and the two lowest-order susceptibility components are
ation fieldH,,=2K/Mg, the reduced applied field=H/H

and the reduced projection of magnetizatios (M - h)/Mg, Xy = 8 sirt g+ 2X{coss, (6)
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=5 sVsir?B cogB+ — X(”cosB sifB+2XYcosB,
(7)
(5i(j)= 1 if j=i and zero otherwigen their respective lead-
ing orders oth,. The temperature independent termsd()))
are due to reversible shifts of the energy minima in &j.

and the remaining terms, due to thermally activated magne- =

tization reversals, contain the coefficier®§)), , obtained
from perturbative solutions of E@3):

AIXV =2k, (8
A2XP =Ky 0, 9
202A3XY = 02 (Kkorat Kiky) +AKE(Koks— K1K2),
(10)
4A%A§X(32)= w[3w?k3+4ko(3kok3—4K1Ky)], (1)

A?=(lw)?+4k3. The nonequilibrium linear ac susceptibil-
ity of Eq. (6) is well known, but Eq(7) for the nonlinear ac

response appears to be new, complementing the previouslh

published results for susceptibility of free rotafofsand
Ising magnet$.

For typical media the susceptibiliti€¢6) and(7) are to be
averaged over a uniform distribution of the deviation angle
and over a distribution of the barrier heigl@s The averages
over 3 follow from the formulacos"9=1/(2n+1) and for
definiteness we take here the log-nortnaldistribution of

Q:
P(Q)=(2m) "(oQ) *ex —In*(Q/Qo)/(207)].
12

However, rather than considering directly tQeaverages of
Egs. (6) and (7) we invoke a geometric argument familiar
from studies of magnetic viscosftgnd address first the de-
rivatives

B (i)
< > 30427 Tj dxp(x)gy’(x),  (13)

x=Q/Q,. The functionp(x)=exd —In*x/(20?)] originates
from the distribution(12) and the functions

axy

Jnw

A10098Y (0 =40"k5(%), (14)
K097 () = wko(¥) [~ 4K5(X)],

(19
follow from Egs. (6) and (8), with kg(x)=foe 90X
0o=Qo/T andA%(x) = (lw)?+ 4«k3(x).

The integrand in Eq.13) is a product of the two functions

p(x) and g{’(x). The functionp(x) peaks around,=1
while g{)(x) is sharply localized around the point

(16)

, for Zxo(x})=w, with peak valueg{¥(x};)=1/4. The
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FIG. 1. The two components of the linear ac susceptibility given

by Eq. (6) averaged ove® and 8. Model parametersQ,=

300 K,

o=0.27 and the prefactdip=e?® Hz. Curve labels denote tempera-

ture in K.

for sufficiently largeo the two peaks overlap over a large
range of frequenciee and in this overlap range the integral
in Eq. (13) maintains itsmaximum w-independent value, in
full analogy to slow magnetization decay in constant applied
field.* To every temperatur&, barrier heighQ,, and distri-
bution width o there corresponds therefore a specific range

of frequencies

in which the

linear ac susceptibility

(x 1)(w)> exhibits logarithmicw dependence. Moreover,
within the overlap range the ac magnetic viscoSty does
not depend oril' since on settingp(x)=1 in Eq. (13) we

obtain

4f
30'\/271'Sac~24f2 9

2

(17)

2
ot w

for w<f,. This behavior is apparent from Fig. 1 where we

plot the averaged linear susceptibiliti€g

5 (w)) versus

Iogarlthm|cally slow shift ofx; along thex axis ensures that In w. At medium temperatures the slope@ﬂ)(w)) is ap-
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FIG. 2. Measured linear susceptibiligi") versus inverse tem- "~ 1
perature for Nj(Si0,);_, granular films. Nominal nickel volume O :
fraction x as labeled and probing field frequenty w/27=1 Hz. ™~
All samples are the same size. Inset shows the corresponding curv g 1
for the dissipative parg{? . o 40 ]
[Te i
| E
proximately constant, while at very low and very high g 1
where there is no overlap qf(x) andg{®(x), the slope is — ]
zero. T a0 ]
The dissipative linear responég{?(w)) is amenable to =<~ ]
similar analysis: The functiog{?(x) of Eq. (15) vanishes 1
identically atx; and reaches a minimum forgg'f?o(xh) =w 3
and a maximum for Zko(Xj)=w where &=3 oo
+(—1)242. There isx] ;<x;<X],, and the peak values ST T TS T T T e oo
9?)(x1;)=(—1)"/8. The two extrema shift logarithmically f [Hz]
slowly along thex axis and the sign and magnitude of the .
integral (13) depend on the overlap @f(x) and 9(12)()()_ In FIG. 3. Measured linear susceptibiligh") versus frequency at

particular, if p(x) overlaps both peaks cg(f)(x) then the Selected values of temperature fog(8§i0,);_ granular films. The

. . . o f=1 Hz data correspond to Fig. 3. Above=0.15 and temperature
integral (13) is approximately zero and;(f)(w)) attains its - ¢ P

) e = T=5,11,14,..., 29, 32, 38, 50, 70, and 160 K. Hor 29 K the
maximum value within the validity range of E€L). In the  ¢yrves are shown in dashed lines. Below:0.50 and temperature

present noniteracting model the peak vaIue(?f’(w)} is  T=5, 15, 25, 35, 45, 50, ...115, 120, 135, 155, 165, 185, 205,
independent of temperatufsee also Fig. Jlsince foro<<f, 225, and 265 K. Selected curves in both plots are labeled. by

32 mmax v 2 ~ar 18 The felation of the .activation volunjv} to. t_he saturation
oNemie Xxy (@)= (18 magnetic momeniM, is uncleaf and in writing down the
average(13) we assumed that all particles contribute the
same moment. Our analysis, however, holds also in the con-

It is also possible to define the fu_nctlogé”(x) corre-  trary case ofMo~M .V where p(x) = xexg o?—In?(269)]
sponding to the averaged nonlinear susceptibilitieSyith a local maximum at k=02 and p(X,) =1. The rela-
(xP(w)). These functions exhibit essentially the same betion of Mg and V is therefore not an essential factan
havior asg(ll)(x), with the important difference that not only determining the existence and range of the ac magnetic vis-
the peak positions, but also their heights vary witkh l|nd  cosity effect which, as we show below, depend far more

plots of (x$(w)) (not shown illustrate the concomitant Strongly on interparticle interactions. _ _
loss of logarithmicw dependence. By the same token, the AS an exactly solvable example of an interacting system
. ) . : 5 we consider a particle pair with dipolar couplifigind bond
function max(x3’(w)) varies approximately a3 <. The | _ d/ di f
) — ) ang esa_b—O and 2_ corresponding to e_rromagnetGE_M)
functions(x3’(w)) are negative, about two orders of mag- and antiferromagnetiAFM) mutual ordering, respectively.
nitude larger(in absolute valugthan (;9)((1)» so that the The particles are identical, with easy axes parallel to the
first two terms in Eq(7) may be neglected. external field. The evolution of the bound pair is described
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by a three-level master equatiSrwhose perturbative solu-
tions yield

(ko+ Yo) ASxT" =160K5 o, (19)
(ko+ Yo) A2XY = 8qwkj o, (20)
with  decay rates «o=foexgd—q(hi+ep)] and

vo=foexd—qht], frequency A2=w?+4k5 and critical
field'® h2=(1-p)(1+3p) if 6,=0 (upper sigh and /2
(lower sign. The parametet =8 for FM and—4 for AFM
coupling and the dimensionless dipolar coupling strength
between two particles a distanBeapart isp=M2V/2KR>.

The integrand of the resultant derivatiyey{"/ Jinw) is
again a product of the distributiop(x) and of a sharply
peaked function with a maximum at

2,

X;(p)~ 2. 21)

————In
QO(hn+8P)
FM coupling destabilizes the demagnetized state, enhanc
initial susceptibility and shifts the peak of{" to higher
temperatures. Moreover, in E@1) there is

(1+p)(1+3p)

(1+p)(1-3p)

if gy= /2,

2

hs+

nTEP=
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may be found in Refs. 5,11, here we present merely the
observed linear ac susceptibility as a function of temperature
(Fig. 2 and frequencyFig. 3. According to Fig. 2 the peak

of X(ll) shifts to higher temperatures with increasing nominal
nickel volume fractiorx. This shift may be associated with
increasing particle sizé which, however, should theoreti-
cally also decraese the peak height and we find that even for
x=0.15 the experimental curves cannot be fitted by By.

for noninteracting particulate arrays. We therefore conclude
that the observed enhancementy§¥ is due to FM interac-
tions (see also Ref. J2describedqualitatively by Eq. (19).

The temperature range in which the measured linear suscep-
tibility satisfies the logarithmic lawl) increases with the Ni
volume fractionx: For x=0.15(see Fig. 3, toponly curves
measured at 20, 23, and 26 K maintain, approximately, the
maximum slope throughout the measured frequency domain,
while for x=0.50 (Fig. 3, below the temperature range of
the ac viscosity effect extends from 45 to about 120 K, in full
agreement with the qualitative prediction of H@1). For
coupled systems it is not possible to write down an explicit

%?(pression foiS,. similar to Eq.(17), there is, however,

S, (h3+ep) 71, (22)

if £>0 (FM coupling, so that the theoretical value &,
decreases with increasing FM coupling strength in accor-

so that FM coupling §,=0) also slows down the shift of dance with the experimental plots of Fig. 3.
x1(p) along thex axis and broadens therefore the overlap In summary, we find that the here defined ac magnetic
range wherg(x{"(w)) has the logarithmiaw dependence viscosity S,. is a material parameter characterizing the
given by Eq.(1). AFM coupling (8,= 7/2) has the opposite sample composition. Ferromagnetic coupling increases the
effect. temperature and frequency range over which the ac viscosity
We conclude this work by comparing the predicted rangeeffect may be observed and, at the same time, decreases the
of ac magnetic viscosity effect with experimental data forvalue of S,;. Antiferromagnetic coupling has the opposite
Ni,(Si0,)_x granular films. The experimental procedure effect.
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