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Precessional effects in the linear dynamic susceptibility of uniaxial
superparamagnets: Dependence of the ac response on the dissipation parameter
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It is shown that the low-frequency relaxation spectrum of the linear dynamic susceptibility of uniaxial single
domain particles with a uniform magnetic field applied at an oblique angle to the easy axis can be used to
deduce the value of the damping constant.
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A single domain ferromagnetic particle is characterizedtant at very low temperaturé$and necessitate an appropri-
by an internal potential, having several local states of equiate quantum-mechanical treatment, e.g., Refs. 10-12.
librium with potential barriers between them. If the particles The various regimes of relaxation bf in superparamag-
are small(~ 10 nm so that the potential barriers are rela- netic particles are governed lay In general« is difficult to
tively low, the magnetization vectdyl may cross over the estimate theoretically, although a few experimental methods
barriers due to thermal agitation. The ensuing thermal instasf measuringx [such as ferromagnetic resonafE®R) and
bility of the magnetization results in the phenomenon ofthe angular variation of the switching field, e.g., Refs. 7 and
superparamagnetishiThis problem is important in informa- 8] have been proposed. Yet another complementary and po-
tion storage, rock magnetism, and the magnetization revers&ntially promising technique, viz., theonlinearresponse of
observed in isolated ferromagnetic nanopartiéldhe dy- single domain particles to alternatingad stimuli, has
namics of the magnetizatiod of a superparamagnetic par- recently® been suggested in order to evaluateln particu-
ticle is usually described by the Landau-Lifshitz or Gilbert lar, it has been shown in Ref. 13 that for uniaxial particles
(LLG) equatior* having a strong ac field applied at an angiéo the easy2)
axis, the nonlinear response truncated at terms cubic in the ac
field is particularly sensitive to the value af On the other
hand, thdinear response to the ac field does not exhibit such
behavior. The explanation of this is reasonably straightfor-
ward: the linear ac response may simply be calculated from
B(1+a®)M, the after effect solution following the removal of a weak
—_— (2 uniform field applied at an anglk to the easy axis. Thus the

superparamagnetigreatest relaxation timer is that of a
is the free Brownian motion diffusion time of the magnetic particle with simple uniaxial anisotropy, which is given by
moment,a is the dimensionless dampir(dissipation con-  Brown’s* expression
stant,Mg is the saturation magnetizatiom,is the gyromag-
netic ratio, B=v/(kT), v is the volume of the particle, and ™
the magnetic fieldH consists of applied field§Zeeman TNy 3R o>1, ©)
term), the anisotropy fieldH,, and a random white-noise
field accounting for the thermal fluctuations of the magneti-where o= 8K is the barrier height parameter aidis the
zation of an individual particle. Here the internal magnetiza-anisotropy constant. Equati@8) yields the approximate po-
tion of a particle is assumed homogeneous. Surface angition of the peak in the imaginary payt(w) of the complex
“memory” effects are also omitted in Eq.l). These as- susceptibilityy(w)=x'(w)—ix"(w) in linear response. The
sumptions are discussed elsewh@g., Refs. 5-J7 Further-  most striking feature of Eq23) is that7 when normalized by
more, the description of the relaxation processes in the conry is independent ot. The physical reason for this is the
text of Eg. (1) does not take into account effects such aslack of coupling between the transverse and longitudinal
macroscopic quantum tunnelifig mechanism of magnetiza- modes in the linear response when a weak ac field alone is
tion reversal suggested in Ref). These effects are impor- applied at an anglé to theZ axis. If one proceeds, however,

zTNd—iM =Bla” MIMXH]+[[MXH]XM]), (1)

where

™NT 2ya
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to the next term in the response which yields the so-called

third-order susceptibility®)(w), then a strong dependence QOZF[—CSO)_CEO)ﬁL V(e —ct?)?—4a"2cPcP].

of the imaginary part 0f(®)(») on « appears?® The expla- N

nation of this lies in the coupling between the longitudinal Equations forc!”) andV; are given elsewher€.Equation(7)

and transverséor processionalmodes in the nonlinear re- s similar to the IHD formula derived by Kraméfsand ap-

sponse. Thus one can evaluatérom measurements of the plies when the energy loss per cycle at the saddle point en-

nonlinear ac response. ergy of the motion of the magnetic momenateE>kT. If
Here unlike Ref. 13, we consider a uniaxial particle in aAE<kT(VLD), we have for the escape from a single

strong uniform fieldH, applied at an angle to the anisot-  well>1®

ropy axis of the particle. Hence the system in the absence of

the ac perturbation unlike that &t is nonaxially symmetric, KT v v

thus we expect precessional effects due to coupling of the T=Tp™ wlAEe o ®)

transverse and longitudinal modes to appear even in the lin-

ear response to a small ac fidit{t) superimposed oil,. [Here instead of numerical evaluation €, we have used

Indeed, the limiting values of, viz., a—o anda—0, cor-  an approximatiol\E~ av|V,| (Ref. 5]. The IHD and VLD

respond to the high-damping and the low-damping limits inlimits correspond tax=1 and «<0.01, respectively. How-

the Kramers escape rate thedfyThe coupling effect is ever, for crossover values af (abouta~0.1) neither the

made manifest in the formulas for the Kramers escape rate ¢HD formula (7) nor the VLD, Eq.(8), can yield reliable

inverse of the greatest relaxation timef the magnetization quantitative estimates. Thus a more detailed analysis is

for both intermediate to high dampir¢HD) and very low  necessary’

damping(VLD) which apply to nonaxially symmetric poten- Equationq7) and(8) applied to the potential given by Eq.

tials of the magnetocrystalline anisotréfy(see below. (5) yield the greatest relaxation timein the appropriate
Now we recall that the Fokker-Planck equati@PE for  limits (IHD, VLD) for a strong uniform fieldH, applied at

the probability density distributionV of M (Ref. 4 corre-  an angley to the Z axis®*2 ris effectively identical to the

sponding to Eq(1) is*!® integral relaxation timgin linear response, the correlation

time)'° if the strength oH, is smaller than the reduced criti-
d . cal field h, at which depletion of the shallower of the two
27y W=AWH Bla™"u-[VVXVW]+ V- (WVV)}, potential wells of the bistable potential occifsr example,
(4) h.~0.17 in the axially symmetrical caS& As shown in
Refs. 8 and'’, the asymptote$7) and (8) are in excellent
whereV and A are the gradient and the Laplacian on theagreement with the exact numerical results from the FE
surface of the unit sphere, respectivelyis the unit vector Equations(7) and (8) can also successfully reproduce the
directed alongM, and V(M) is the free-energy density. experimental angular variation of the switching field for in-

Here, in the absence of the ac field,is given by dividual Co and BaFeCoTiO particles and thus allows one to
evaluatea.®
BV=—o[cog &+ 2h(siny cose sind+ cosy cosd)], Equations(7) and (8) for 7, which now exhibit strongy

) dependence, suggest that the frictional dependence of the
relaxation process may also be observed and used for the
‘evaluation ofa in the linear ac response of the system. In
order to verify our conjectures concerning thelependence

where ¥ and ¢ are the polar and azimuthal angles, respec
tively, and h=M¢H,/(2K) is the dimensionless external

field parameter. The free energy in E@) has a bistable of the linear response to a small ac fiéldt) (i.e., assuming

structure with minima af, andn, separated by a potential BMH<1), we have calculated using linear-response theory
barrier containing a saddle point ag.** If (af,ad),af) e complex magnetic susceptibiligfw) of the system. The
denote the direction cosines bf andM is close to a sta-  gysceptibility was calculated by using a matrix continued-
tionary pointn; of the free energy, theW(M) can be ap-  fraction solutioR%? of the system of momenfshe expecta-
proximated to second order " ag tion values of the spherical harmoni¢¥, ,)(t)] governing

the kinetics of the magnetizatidvi (the moment system can
be obtained either from the FPE or from the LLG
equatioR?). The details of the calculation can be found
o _ elsewher& 2t it is assumed thatti(t) is directed alond,.
Substituting Eq(6) into Eq.(5), the FPE may be solved near The plots of Réx(w)} and log — IM{x(w)}] vs logo(wTy)

1 . Lo
V=Vit s led(ey)?+ ey (ar)?). ()

the saddle point yielding*° are shown in Figs. 1-3 for a wide range of frequency, bias
0 - field streggth, and dampinghe calculations were carried out
_ . 0 ViV, VoV for v BMZNg=1; Ny is the number of particles per unit vol-
7= THD 27rwo[wleﬁ( T 0O () ume. The results indicate that a marked dependencg of
o on « exists and that three distinct dispersion bands appear in
where w?=y?M;2%cVci(i=1,2) and wi= the spectrum. Furthermore, the characteristic frequency and
—v?M 2¢O are the squares of the well and saddle an-the half-width of the low-frequency relaxation bafidRB)
gular frequencies, respectively, and are determined by the characteristic frequengy~ 7~ of
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FIG. 1. Rdx(w)} vs logo(wy) from the IHD (¢=1) to the
VLD (a=0.0%)§.() I)i}mits fc?rl(i:lNo) h=0.1 and¢=(w/4.)Curves FIG. 3. logd ~Im{x(w)}] vs log(wy) for o=10, i=m/4,
1-4: exact numerical calculations gfw) based on the results of =10 (IHD: solid lines 1, 2, and § and«=0.01 (low damping:

. K . . _ dashed-dotted lines’12’, and 3). Lines 1, ¥(h=0.01), 2, Z(h
Refs. 20 and 21. Stars and filled circles: £9). with A xy~0.023 =0.17), and 3, 3(h=0.4) are exact numerical calculations. Stars
and 7 from Eqgs.(7) and(8), respectively.

and filled circles: Eqs9) with 7from Eqgs.(7) and(8), respectively.

the overbarrier relaxation mode. As decreases, this peak
shifts to higher frequencies and reaches its limiting valu
7p. In addition, a far weaker second relaxation peak a
pears at high frequencieddF). This HF relaxation band
(HRB) is due to the intrawell modd$or /=0 ando>1, the
characteristic frequency of this relaxation peak dgy Xei— Axht
~20(1+h)/7y (Ref. 19]. The third FMR peak due to the x(@)="—"" 4 Ay, 9
excitation of transverse modes having frequencies close to 1tior

the precession frequenay,, of the magnetization appears yie|qs an accurate description of the LF spedSee Figs.
only at low damping and strongly man_lfests itself at I_-IF. A31—3). Here 7 is given by Eqs.(7) and (8) in the IHD and
@ decreﬁallses, the FMR peak shifts to higher frequencies sinGg p |imjts, respectively,y.= x(0) is the static susceptibil-
wy~a ~. Moreover, aty=0 or =, the FMR peak dis- : P

pr ity, and Ay is the contribution of the HF transverse and
appears because the transverse modes no longer take parﬁgﬂgitudinal modes. The values gt andA y depend orE,

:)hnetgat;(iggof?eféosif;:é;hg ggﬁqeon:;?z;‘;gﬁ;h;gngageer‘zp?r? £ and o and can be measured experimentally, calculated
A . C Y ' umerically, and/or estimated theoretica example of
effect of the depletiot?"?3of the shallower of the two poten- y gn P

. ; ) . such theoretical estimations and A yys for #=0 has
tial wells of a bistable potentiab) by a bias field is appar- been given by Garanin?®. Olﬁfﬁcalculaﬁgns inléiicate that
ent: at fields above the critical fielt. at which the depletion

Egs.(7)— iel t ipti f the LF t
occurs, it is possible to make the LF peak disapgearves focﬂsg;)?) (9) yield an adequate description of the LF spectra
3 and 3). Such behavior of(w) implies that if one is inter- :

d solelv in the low-f <1 ¢ We have demonstrated that it is unnecessary to resort to
ested solely in the low-frequencywg<1) part of (@),  the nonlinear response in order to observe large precessional

effects in the relaxation processes of uniaxial superparamag-

where the effect of the HF modes may be completely ignored

e(so that the relaxation of the magnetization at long times may
Phe approximated by a single exponential with the character-
istic time 7), then the Debye-like relaxation formula, viz.,

w=n nets. All that is required is to superimpose a strong bias field
A 4o =10 Hy at an angle) to the easy axis of the uniaxial particle, thus
h=0

ensuring that the system is nonaxially symmetric, and then to
calculate the linear response to a perturbing ac fi§t). It
follows that the nonaxial symmetry causes the various damp-
ing regimes(IHD and VLD) of the Kramers problem to ap-
pear unlike in an axially symmetric potential, where the for-
mula for 7 [for example, Eq(2)] is valid for all « because

7/ 7y is independent ofx. We remark that the intrinsie
dependence gf(w) for the oblique field configuration serves
as a signature of the coupling between the longitudinal and
precessional modes of the magnetization. Hence, it should be
possible to determine the evasive damping coefficient from

'
N

log,(-Im{z (@)})
ey

L
FS
0,

log, (wz,) measurements of thénear response, e.g., by fitting the
theory to the experimental LF dependencex6i) on the
FIG. 2. The same as in Fig. 1 but for lgh— Im{x(w)}]. angle ¢ and the bias strengthly, so that the sole fitting
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parameter isv. Just as in the nonlinear resporidey can be  axes are randomly distributed in space, further averaging
determined at different, yielding its temperature depen- must be carried out in order to calculatéw). In the calcu-
dence. This is of importance because of its implications inations, we have also assumed that all the particles are iden-
the search for other mechanisms of magnetization reversal @tal; in order to account for polydispersity, one must aver-

M (e.g., macroscopic quantum tunnelifg’), as a knowl-  agey(w) over the appropriate distribution functi¢e.g., over
edge ofa and itsT dependence allows the separation of thethe particle volumes; see for details Refs. 25, 26, and 28
various relaxation mechanisms. Moreover, such experimentsy thermore, the neglect of interparticle interactions in the
are much more easily accomplished than those for the norsresent model suggests that the results we have obtained are
linear response of Ref. 13. The results we have obtainegyyjicaple for systems where the effects of the dipole-dipole
suggest that the experimental measurements of linear anghq exchange interactions may be ignored, such as individual

nonlinear susceptibility of fine particleg.g., Refs. 24—-26 nanoparticlege.g., Refs. 2 and)gand diluted solid suspen-
should be repeated for a strong bias-field configuration.  gjons of nanoparticle.g., Ref. 26

The results we have presented pertain to noninteracting
superparamagnetic particles with easy axes oriented along The support of the Enterprise Ireland Research Collabo-
the Z axis of the laboratory system of coordinates. If the easyation Fund 2000 is gratefully acknowledged.
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