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Precession-aided magnetic stochastic resonance in ferromagnetic nanopatrticles
with cubic anisotropy
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It is shown that the signal-to-noise ratio in the magnetic stochastic resonance of single-domain ferromagnetic
nanoparticles having cubic anisotropy exhibits a strong intrinsic dependence on the decagfrite Larmor
precession. This dependeng@@ecession aided relaxatipis due to coupling between longitudinal relaxation
and transverséprecessionalmodes arising from the lack of axial symmetry. It is most pronounced in the
intermediate-to-low dampin@<ramers turnoverregion 0.1< « < 1. The effect which does not exist for axially
symmetric potentials may be used to determine
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Stochastic resonandS8R) is nowadays a well known but Once the size of the particle is reduced to nanoscale dimen-
still remarkable effect which allows one to control the behav-sions superparamagnetism imposes a physical limit on the
ior of periodic signals passing through noisy systems. As aminiaturization of the bit-recording elements. Hitherto in the
manifestation of cross-coupling between stochastic and regiontext of micromagnetism the size of the particles used en-
lar motions, the SR effect is universal in physiesg., optics, sured that thermal effects occurring at room temperature
mechanics of solids, superconductivity, surface scignce could safely be ignored. However, due to ongoing miniatur-
communications engineeringptimal detection and tracing jzation, a superparamagnetic nanoparticle is now an accept-
of signalg as well as in various branches of chemistry andaple model for both writable elements and read/write h&ads.
biology. Comprehensive reviews of diverse aspects of SR are The magnetic SR phenomenon is clearly manifested by
available in Refs. 1-3. uniaxial single-domain particle%® Here the magnetic free

The archetypal theoretical model of SR a heavily energy density is governed by a single coordinate (the
damped(so that inertial effects can be ignojeBrownian  colatitude and is given by

particle in a bistable potential subjected to noise arising from
a thermal bath. The particle is excited by an ac driving force BV(9) = E sir? 9, (1

of frequency() close to the rate of Kramers transitiofes- . . .
quency itiofess where B=v/KT, v is the volume of the particlek is Boltz-

cape ratesbetween the wells nevertheless with amplitude . tant =K . is the di onl barrier heiaht
insufficient to induce the transitions. Consequently, switchMann's constantz =K, is the dimensionless barrier heig

ing may occur only by the combined effect of the regular acbarameter, and, is_ thg anisotropy constant. In the absgnc_:e
force and the noise. The spectral densityw) of the motion of external magnetic fields, the magnetization of the uniaxial

at the frequencyw= is then evaluated, and the resulting particle has two equivalent stable orientationsdat0 and

signal-to-niose rati¢SNR) (or the spectral power amplifica- g=m, So that it is an ideal example of a bistable system

tion coefficienj is analyzed as a function of the noise inten- supjepted to noise. Magngtlc SR in grains  possessing
sity D. The curve SNRD) has a bell-like shape, i.e., it passes uniaxial anisotropy(characterized by the single coordinate

through a maximum thus exhibitingtochastic resonance 9) has been treated in Refs. 6-11 and is completely under-

The maximum in the SNR is interpreted as due to the re_stood. In contrast, we have little knowledge about magnetic

" . . ; . “SR in nonaxially symmetric potentials governed co-
markable ab'|I|ty c_>f noise to enhance the intensity of the in-rdinatesd and)g/o (E/P is the azpimuthal ar?g)e/vhicht?r?gen-
terwell hoppings in the system. | give rise tanultistablestates. For illustration, consider a
Superparamagnetism of fine particles subject to a weak a%r%.glve ”s? h h icl ' 3 '
field is yet another important manifestation of SR. Here the P'¢ crystal, where the particle energys
magnetic anisotropy provides the multistable states for the BV(9,¢) = o(sir* 9 Sirf 2¢ + sir? 29), )
magnetizationM of the particle while the thermal fluctua-
tions due to the bath which is in perpetual thermal equilib-o=8K./4 andK_ is the anisotropy constant, which may be
rium at temperaturél are the source of the noise. These either positive or negative. Fét.> 0 (Fe-type crystalsthe
conditions give rise tanagnetic stochastic resonanadich potential (2) has six minima(wells), eight maxima, and 12
may be defined as the enhancement of the SNR due tsaddle point§see Fig. 18)]. ForK.<0 (Ni-type crystal$ the
noise? The superparamagnetism of single-domain ferromagmaxima and minima interchange their roles while the saddle
netic nanoparticles until recently entirely of academic inter-points do not altefFig. 1(b)].
est, is now important in technology because of the ever de- Here we demonstrate that magnetic SR in particles with
creasing size of the particles used in magnetic recordingeubic anisotropy has behavior which has little in common
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1 Q+AQ
B =1 fim f (H(@))?
2 AQ—0J 0-AQ

X[w+ Q)+ w-Q)]do,

where the parity conditiony’(w)=x(-w) has been used.
Combining the above equations, one obtins

SNR _ DY mOHA ()2
FIG. 1. Cubic anisotropy potential fak;>0 (a) and K,<0 _q)f\;lﬂ T 2KTY'(Q)
(b).

(4)

The susceptibility is given in the adiabatic linft— 0,16

with that for uniaxial anlso_tropy due to the lowered Io.cal Q) = xo(1-iQ7), (5)
symmetry(both 9 and ¢ are involved of the energyscape in

the vicinity of the easy axis direction in the space of orien-where XO:,L%M§/3 is the static susceptibility and, is the
tations. In uniaxial anisotropy, the energyscape is a uniforntorrelation time defined as the area under the curve of the
equatorial ridggzone separating two polar minima and has equilibrium correlation function of the projection bf in the

no saddle points, on the other hand, cubic anisotropy genedirection of the exciting field, viz.,

ates azimuthally nonuniform energy distributions with nu- .

merous saddle points. Such a nonaxially symmetric energy- . :f (cosd(t)cosH0))g ®)
scape leads to a new effect, viz., strong intrinsic dependence “Jo (cog %(0)), ’

of SR in superparamagnetic particles with cubic anisotropy

on the rate of spin-lattice relaxation which is determined byand the subscript zero denotes the equilibrium statistical av-
the damping coefficient. To understand qualitatively this €rage over the realizations of csHere we have used the
effect, we consider the rotational motion of the magnetiza+elation(cos’ 9),=1/3 valid for cubic crystals. Substituting
tion of the nanoparticle at zero temperatane fluctuationy  Eq. (5) into Eq. (4) and taking the limit) — 0, we have

which is described by the Landau—Lifshitz—Gilbert equation

SNR = 2ro(MH/K)?R(0, @)/3,

e=[ex (Her=ag)], ) where wy=2yK./Mg is a reference frequency of order of

wheree=M /Mg (Mg is the saturation magnetizatiorH o magnitude t_he Larmor prgcessi.on frequenc_y in_ the internal
=—V/dM andy is the gyromagnetic ratio. To induce SR in anisotropy field and the dimensionless fad®is given by

such a particle, a weak spatially uniform ac magnetic fi¢ld R(c, @) = o]/ 7o( 7, @) )

of frequency() favoring the Kramers hopping of the magne- ' e

tization between its equilibrium positions is imposed alongand 70=BMs/(27) is a reference time. The rate of noise in-
its easy axisn. For uniaxial anisotropy, the magnetic SNR duced transitions between the potential wells is controlled by
does not intrinsically depend a2 Conversely, in nonaxi- the anisotropy parameter=uK./(4kT) so that|o|™ is the
ally symmetric potentials, e.g., cubic anisotropy, the situatioryimensionless temperature, i.e., the noise intensity.

is entirely different. First, the presence of several easy axes The evaluation of the SNR for cubic crystals can be ac-
orthogonal to each other means that the notion of longitudizomplished as follows. To describe the magnetization relax-
nal and transverse orientatiofiwith respect ton) has no  ation of asuperparamagnetiparticle (i.e., a particle with
meaning. Second, as one may deduce from (Bh.in the  finjte barrier height parameterthe magnetodynamic E¢B)
“folded” energyscape, the friction torque acting Bhis no  myst be augmented by a random field with white noise prop-
longer directed at a constant angle to the direction of precessrties so becoming a Langevin equatiéithe correspond-

sion thus strongly modulating the angular velocity of precesing Fokker—Planck equation for the distribution function
sion. Hence, reorientation & has a strong intrinsic depen- (e t) of orientations ofe ist’

dence ong, i.e., we haveprecession aided relaxation

Apparently, precession aided relaxation is a universal feature ¢ 1 1

of particles with nonaxially symmetric potentidfs. EWZ ;‘{:3[0‘ e- (VWX VW) + V - (WVV)]+AW;,
Magnetic SR may be generally described using linear re- N

sponse theory as followé:16The Fourier components of the (8)

magnetization of the particll,, and of the applied ac field \herey anda are the gradient and Laplacian on the surface
H, are related viaM,=x(w)H,, where x(@)=x"(0)  of the ynit spheresy=T7y(a+a™l) is the characteristic free
~ix"(w) is the complex magnetic susceptibility of the par- it ision time of the magnetization. The solution of the
ticle. The noise-induced parby;'(©2) is obtained using the  Fokker—Planck Eq(8) is reduced by Fourier expansion in
fluctuation-dissipation theorem éé\;)(ﬂ):kT)("(Q)/(Wm)- the spherical harmonic¥ (9, ¢) to the solution of an infi-
The spectral densitgb(,\j)(ﬂ) of the forced magnetic oscilla- nite hierarchy of differential-recurrence equations for the
tions in a fieldH(t)=H cosQt at the excitation frequencfy  correlation functionsc p(t) =(cos¥(0)Y, [ H(t), ¢(t)])o, SO

is that C(t) =c,(t)/c,0(0),6

012415-2



BRIEF REPORTS PHYSICAL REVIEW B'1, 012415(2009

1o &>0 @

d
giom(® = l% Ot i (1) )

Here d,,,,y are the matrix elements of the Fokker—Planck
operator in Eq.(8); these elements are listed explicitly in
Refs. 16, 18, and 19The derivation of Eq(9) for an arbi-
trary free energy functioV(9, ¢) is given in Ref. 20 The
exact solutiorof Eq. (9) for the Laplace transforig, ((s) can

be obtained by matrix continued fractiots'®1°Having de- 104
termined €, o(S), one may calculater,=C;¢(0)/c,o(0) (see 107 ™

*®.<0) (©)

Refs. 18 and 19 for detajlsind the SNR from Eq(7). ” 1074 2
Although the matrix continued fraction method yields the 1074 e
exact values of the SNR, its application is rather limited 10*,4:%

since the qualitative behavior of the SNR is not obvious by 1074 3-1/)0l =0.025
this method. However, the behavior of the SNR can readily y "
be understood in qualitative fashion by noting that in the low
temperaturdhigh barriej limit, o> 1, the correlation times

7. for cubic crystals may be given by simple asymptotic  FIG. 2. SNR vsa for various values of 1¢. Solid lines, Eq(7),
formulas. These asymptotic equations fpwere obtained in  exact matrix continued fraction soluticfiRefs. 17 and 18 Sym-
the context of the Kramers thedtyfor the thermally acti-  bols, calculations from Eq10). Dotted lines, the SNR in the IHD
vated escape rate of a mechanical particle from a potentidimit given by Eq.(11). Dashed lines, the SNR for cubic+ uniaxial
well as extended to the magnetic problem by BrdwBmith  anisotropy with==4 [here the factor @0 9(0)), must be added
and de Rozarié? Klik and Gunther® and Coffeyet al?4)  into Eq.(7).

The appropriate formula for, valid in the very low damping

(VLD, @—0) and intermediate-to-high dampin@HD, (a tential. Here, at each temperature, there exists a cedtgjp

= 1) limits have been given in Ref. 23 and Refs. 19 and 22for which the SNR has a maximuR,. The analytic form
respectively. Furthermore, universal formulas which applyof Eds.(11) and(10) allows one to estimate readily the peak
like the exact matrix continued fraction solution to all damp- MagnitudeRn,,and the half-widthsR of the damping depen-
ing regimes have been obtained in Ref. 25. Thus, we caflence ofR, Rya= Ripla—o (see Fig. 2and 6R (which can

readily estimate the SNR in the low-temperature limit, viz., Pe evaluated from the solution of the algebraic equation
Rup=Rmad2). These estimations yiel®Ryq,~ 802%€ 7/,

R~ RlHDe(lhT)fg In(1~ —s\ia\o\<>\2+1/4)/9)[d>\/(>\2+1/4)], (10) 5R~L\§14_+\;‘2)/2 for Kc>0 andRy~ 8028_“’"3/(377), SR
~(V14—2)/2 for K,<0, respectively.
The strong magnetic mode coupling exhibited by cubic

10°

whereR,p is the SNR for IHD values of dampingr=1)

given by crystals suggests a way of determining the damping coeffi-
2 55028_” ——
m(\s‘ga%sm), K.>0,
Bm(Lra?) (0 TETA) K<,

and the exponential factor bridges the VLD and IHD values
of R2425The exponential temperature dependencB,gf in
Eq.(11) is due to the Arrhenius-type dependenceofo and
|o|/3 are the dimensionless barrier heights for the cubic an-
isotropy potentidf’). We remark that our results pertain to
the memorylesgwhite noise limit (Ohmic damping How-
ever, as conjectured in Ref. 23, they should also hold for 10
long-time memory, with a reduced effective dissipation con-
stant.

Expressiong10) and(11) give an accurate simplified de-

(K, <0)

l-@=10  * .,

scription of SR for cubic anisotropy in the low-temperature 1073 2-a=0.1 -

limit and are compared with the exact matrix continued frac- 3-2=0.01 .

tion solutiort’'8in Figs. 2 and 3. A striking feature of mag- 10° ' :

netic SR for cubic anisotropy is that the SNR curve intrinsi- 10" 1l al 10°

cally depends on the damping parameteiThis behavior is

an explicit signature oprecession aided relaxatipme., the FIG. 3. SNR vs 16 for a=1.0(1), 0.1(2), 0.01(3). Solid lines,

coupling between the relaxational and precessional magnet@&q. (7), exact matrix continued fraction solutidRefs. 17 and 18
dynamic modes arising from the nonaxially symmetric po-Symbols, calculations from E¢10).
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cient from measurements of SNR in a fine-particle systemthe various techniques generically known as thermal-assisted
For example, one may fit the theory to the experimentamagnetic recording on single grains.

SNR, Eq.(4), at a given frequenc{, so that the only fitting Other types of nonaxially symmetric anisotropies can be
parameter isv. This procedure will allow one to estimate the reated in a similar manner. For illustration, we present in
damping parametee.g., by adjustinggR and a,). More-  FI9: 2(a) the calculations of the SNR for mixed cubic and

over, a can also be determined for differeftso yielding its uniaxial anisotropies evaluated for different values rof

temperature dependence. Such experiments are much mgje @ =1-0, 0.5, and 0.33 and fdt.>0. Here the effect of

F]e“ L . . .
easily accomplished than those for uniaxial particles in thé € uniaxial 'anlsotropy 'S.Of |mportance as the paramleter
y P P now determines the barrier heights of ttmubic+unaxial

presence of a symmetry breaking strong dc external mag- . ; 9
netic field13.26.27 : : otential and yields the_ contribution to the decrea;e of the
ic field These considerations suggest that th dSNR, el A detailed treatment of the SNR in the

present problem is of interest in both its fundamental an . . : . .

. . : .~ tubic+unaxial potential will be given elsewhere.
technical physics aspects. From a fundamental viewpoint a
knowledge ofa(T) is required for studies of various possible  Support of this work by INTASProject No. 01-234j1and
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