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Stochastic resonance in small-particle magnetics: 1. 
Radiospectroscopic study 

E K Sadykov 
Department of Physics. KazanState University.420008 Kazan. Russia 

Received 15 July 1991, in final form 25 November 1991 

Abstract. The magnetic susceptibility of the superparamagnetic particle modulated along its 
magnetic easy axis by the RF field has been calculated. The temperature behaviour of the 
pole of this function at the modulation frequency may be considered as a realization of the 
stochastic resonance in this system 

1. Introduction 

The stochasticresonance (SR) in astochastic bistablesystem subjected to asmall external 
signal has been investigated in recent years [MI. This phenomenon consists of a 
'resonant' dependence (preliminary increase and subsequent montonicdecrease) of the 
output signal intensity (or signal-to-noise relation in the output) at the modulation 
frequency on the input noise intensity of a stochastic bistable system. More physical 
justification of the SR notion is that the maximum in an output signal is achieved on 
coincidence of the modulation frequency with the mean rate of the stochastic transitions 
between two stable states of the bistable system. Many workers have interpreted these 
results as a cooperative effect caused by the combination of the stochastic non-linear 
dynamics of the system and the external periodic force. However, an explanation of the 
SR using linear response theory was also proposed in [ 5 ] ,  

2. Theoretical considerations 

In this paper we consider the superparamagnetic particle (SPP) driven along its magnetic 
easy axis by an RF field as a modulated stochastic bistable system. In such a system the 
RF field and the temperature serve as the input signal and the input noise, respectively. 
The autocorrelation function and its spectral density (SD) for the particle magnetization 
are of interest from a physical point of view. As will be seen later, the SD has a spike at 
the modulation frequency which may be considered as an output signal. Let us define 
also as the output noise the value of SD in the vicinity of this pole. In a recent paper [6] 
the Mossbauer spectroscopy method for experimental study of the SPP in the conditions 
under discussion was proposed. Here we discuss the possibility of a radiospectroscopic 
study of the SR in this system. For this reason, one has to calculate the magnetic 
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susceptibility by assuming its relation to the SD in the sense of the fluctuation-dissipation 
theorem. 

Usually the theoretical consideration of the SR is founded on the one-dimensional 
Langevin equation for the overdamped motion in a bistable potential and its Fokker- 
Planck approach. In our case we deal with the two-dimensional Gilbert equation for the 
s~~magnet izat ion (the valueofthe magnetization is believed to beconstant [7,9]. Only 
the longitudinal (along the easy axis) magnetization of the particle obeys the equation 
ofoverdamped motion andgivesus achance toobserve t h e s ~ .  Thus the Fokker-Planck 
equation for the SPP must be taken in the form 

JP(x ,  t ) /at  = ( L o  + L ,  + L,,)P(x, t )  

L ,  = -v(a/ax){(i - x ’ ) [ ~ K x  - ( k , ~ / u ) ( a / a ~ ) ] j  

(1) 

(2) 

where 

is an unperturbed Fokker-Planck operator for the SPP in the uniaxial potential of the 
magnetic anisotropy 171, L, and L,, represent the modulating and probe RF fields: 

L ,  = - vM,H, cos(w,f + ~ ) , ) ( d / a ~ ) ( l  - x 2 )  

v = qp/(l + ( q y M J 2 ) ,  M,, yand q are the magnetization, the gyromagnetic ratio and 
the damping constant, respectively, H,,,, w,  and qm are the amplitude, the frequency 
andthephaseofthe~~field,Kanduaretheuniaxialanisotropyconstant and thevolume 
of the particle, and x = cos 8, where 8 is the polar angle of the SPP magnetic moment 
relative to the easy axis. If we need a longitudinal susceptibility, L,, has the same form 
as L, with the subscripts m replaced by subscripts pr. 

Equation (1) differs from that used in the theory of linear susceptibility [8] in that 
the ‘unperturbed’ Fokker-Planck operator now includes the time-dependent term L,. 
Nevertheless we follow this theory usinga solution of the equation 

(Lo + L , ) P , ( x ,  t) = aP,(x,r)/at = 0 ( 3 )  
as the ‘unperturbed’situation. The approximation accepted in ( 3 )  is justified in the limit 
w, <c 2 K v  (this condition is the same as the condition of the adiabatic approach in the 
theory of the SR [ 3 ] ) .  Omitting some details of the calculations we present the required 
expression for the imaginary part of the longitudinal magnetic susceptibility: 

w is the frequency of the probe field. The autocorrelation function is generalized for the 
quasistationary state P,(x, I ) :  

( x ( t +  z ) x ( t ) ) =  / / d x d r o  ? e x p ( l + ?  [Lo + Lm(tz)ldt’)x~P,(x.L) 

and averaged over the modulation period. The expression for the autocorrelation 
function and its SD for the bistable system under external modulation in the framework 
ofthediscreteorientationmodel andinthelinear(re1ative to t h e ~ ~ f i e l d )  approximation 
were obtained in [ 3 ] .  Using these results we have 

~ “ ( w )  = [ o M ~ w W o / k , T ( W ~  + wZ)][ l  - W f A Z / 2 ( U ’ i  + w”,] 

+ [ U M : O J J C W : A ’ / ~ ~ B T ( W ;  + W~)]S(UJ - 0,) (5 )  
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Figure 1. The SR curves $ , . I / ~  averaged for various 
values of D: curve A, D = 0.01; curve B, D = 0.1; 
curveC.D=O.Z;curveD,D=0.3. 0.3. 

Figurc 2. The SR curves S..,IN,.,p averaged for vari- 
ous values of D curve A, D = 0.01; curve B, D = 

WO = W ,  = a0 exp(-P) eo = 27K/[1 + ( Y V W , ) ' ~  

p = u K / k ,  T A = oM,H,,/kBT. 

The linear approximation used here is in accordance with the linear response conception 
in the theory of the SR [ 5 ] .  Equation (5 )  differs from the expression (at the p + 1 limit) 
in [9] in that it has an additional &function term which is caused by the modulation 
process in the stochastic system. Let us consider the peculiarities of the dependence of 
this term (output signal) on T ,  w, and H,: 

Sou, = uM:w,W:A2/2kBT(W6 + w ~ ) u .  (6)  

Define also the output noise at modulation frequency (the first term in (5) at w = w,) 
by 

N,,, = [ u M i o , W , / k B T ( ~ ' :  + wk)][1 - W:A2/2(W6 + W k ) ]  

Sout/Nouc = ( W , A 2 / 2 0 ) [ l  - W ; A 2 / 2 ( W ;  + U:)]-'. 

(7) 

and a signal-to-noise relation as 

(8) 

In equations (6)  and (8) the finite bandwidth U is introduced which is actually realized 
inexperiment. Wesee (figure 1(A)) thatS,,,increasesat first as Tincreases (input noise) 
and falls gradually to zero for large values of T. This behaviour is exactly the same as 
that for SR (41. Qualitatively S,,,/N,,, has the same dependence on T with a maximum 
displaced to larger values of T (figure 2 ( A ) ) .  

The normalization temperature To in figures 1 and 2 is introduced by the relation 
e, exp( -uK/kBTo) = w, with eo = 101os-l. At room temperature (To = 300 K) and 
w, = loss-' ,  for example, the volume of the SPP is uo = IO3 nm3 for K = 4 x lO'J m-* 
(iron sample). The estimation on the basis of (8) gives us S,,,/N,,, > 1 for the FS 
amplitudes H of the order TI (o  = IO4 s-' was used in this estimation). The H, and 
w, dependences of Sout and Sout/No,t are evident also from (6) and (8). 
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The results need to be corrected because of the distribution of the SPP sizes in real 
systems. The curves in figures 1 and 2 are obtained by averaging equations (6) and (8) 
using the normal size distribution: 

f ( v )  = ( l /Avd%) exp[-(u - vU)* /2 (Au) * ]  

with AV = U&. The coefficients K and p in figures 1 and 2 are of the forms 
K = ~ , M ~ H ~ [ I ~ ( ~ ~ / W , ) ] ' / ~ U ~ ~ V ~  

Note that .Your must be multiplied by the 'diluting factor' equal to the relative volume of 
the SPP in substance. 

An essential smoothing out of the 'resonance' for So,, takes place for large values of 
D. Consequently the sharpnessofthis'resonance'reflects the homogeneityofthesystem 
relative to the SPP volume. Some corrections are needed to (6) and (8) also owing to the 
chaotic distribution of the easy axes of the magnetic particles in real systems. 

p = ~~/~:in(a"/w,). 

3. Discussion 

Thusa systemof non-interactingmagneticparticlesmaybeused forexperimental studies 
of the SR using the well known radiospectroscopic method. Moreover we believe this 
phenomenon to be fruitful in the investigation of the problems of finely dispersed 
magnetism. For example the high-frequency magnetization reversal process of these 
substances in the regime of their bistability may be of interest. As a direct candidate for 
experiments the metallopolymer systems based on Fe, Cr, CO and Ni [lo] may be 
suggested. 

In conclusion we expect the SR to be observable in finely dispersed magnetics over a 
wide range of particle sizes. An expression of the type mu exp( -p) - w, may serve as a 
guiding relation for the estimation of the optimal experimental conditions. 
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