Brownian motion
Suspension of magnetic nanoparticles
1. Brownian motion. Langevin's theory

In 1827, the English botanist R. Browne, while looking
through a microscope at plant particles immersed in liquid,
observed that, if plant particles were small enough, they would
continuously move chaotically in different directions. Brownian
motion is the random movement of particles in a fluid due to
their collisions with other atoms or molecules of liquids. The
trajectories of the Brownian particles have a chaotic (random)
character in magnitude and direction (Fig. 1).

A. Einstein (1905) and M. Smolukhovski (1907), independently
of each other, developed the molecular-statistical theory of Brownian
motion and proved that the mean square value (fluctuation) of the
displacement of a chaotically moving Brownian particle is directly
proportional to the time of motion

x2 (t > 0)~t (1)

Formula (1) is valid for very long times. During this time, there are
many collisions of liquid molecules with Brownian particles, and its
trajectory should be represented by many broken sections in Fig. 1 -
much more than shown in Fig. 1. It can be said that formula (1)
describes the "echo" of short-term fast random processes over long
times.



Fig. 1. Chaotic motion of a Brownian particle

The force F(t) with which liquid molecules act on a Brownian
particle was presented by Paul Langevin (1908) as the sum of two,
qualitatively different, forces:

F(t) = f() — v5 (2)

f(t) is a random force caused by unbalanced collisions of liquid
molecules with Brownian particles (Fig. 2). In order to estimate T,
characteristic time of variation of the random function f(t) , the
average distance between the liquid molecules £ = 1071°m should
be divided by the average speed of the thermal motion of the liquid
molecules : T = £/v . Here, the average speed is computed by using

2
the formula: % = % and is equal to v = /3kT/2u. If we insert

into the last formula the Boltzmann constant k = 1,38 - 10723J /K,
the room temperature T = 300K and the mass of the water
molecule uy, o =3,1- 1072%kg numerical values, then we get the
characteristic time of the random force: T = #/v =~ 2- 107 13s. This is
a very short time, and during this time it is not possible to
experimentally observe the processes taking place in the liquid. In our
discussion, T plays the role of the smallest time scale of the processes
taking place in the system. That's why we consider the function f(t) as
a random and rapidly changing function. However, the time spent in



chaotic collisions of molecules is still much smaller than t. Due to the
macroscopic nature of the system, a mechanical description of the
processes taking place at these times is completely impossible.

Fig. 2. Random rapidly varying f(t)-force caused by unbalanced
collisions of  fluid molecules.

y% is the resistance force proportional to the speed, caused
by the viscosity of the liquid. y - is the "wet" friction coefficient. y is
proportional to the viscosity coefficient n. So the speed of the
Brownian particle is proportional to the frictional force:
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Vx = at vy
. d . :
The resistance force yd—jtc can be considered as the hydrodynamic
force of fluid friction.

Langevin's presentation of the total force F(t) as the sum of two
forces (Fig. 3) is an important assumption and at the same time an
interesting finding for the theory of Brownian motion.



fig. 3. F(t) is the total force of the environment acting on the Brownian
particle. 7, is the characteristic time for the slow process caused by
viscosity.

The dynamical equation of motion of a Brownian particle is:

miZ= o) - y2 3)

where m is the mass of the Brownian particle. Since f(t) is a random
force, its explicit form cannot be given. Therefore, equation (3) has
only a symbolic meaning, and it is meaningless to solve it. But we can
write a formal solution to this equation. This procedure is nothing but
the transformation of a differential equation into an integral equation.
Now we will use such a formal solution to find the average speed of
the Brownian particle v, .

If equation (3), which is a first-order equation with respect to v, =
dx/dt, is formally integrated, we get:

De(t) = v (0)e 7Yt + — [Fe~ W/ f(5)ds  (4)

where T, = m/y is the characteristic decay time of the flow velocity
due to viscosity. To calculate the average speed of the Brownian



particle 7, (t), let's average the equation (4) over times t, which is
many times greater than the characteristic time t (t>>1) of the random
variation of the f(t) force. We did the averaging in the usual (standard)
way:

A(t) =[5 A" dt*
(5)

Since the inegrand f(s) on the right-hand side of equation (4) is a
rapidly changing random function, the average value of which is zero

f(s) = 0, we get the expression for the average speed:

T (t) = v(0)e /"0
(6)

which indicates that the average velocity is decayed in 7, time. If we
assume that Brownian particles have a spherical shape and use the
dependence of the coefficient of resistance y on the coefficient of
viscosity n

y = énrn, (7)

where r is the radius of the particle, we finally get that the time of
decay:
m

Tp = (8)

~ enrn’

From which it can be seen that the time of decay of Brownian particle
velocity is inversely proportional to viscosity. When studying the
Brownian motion J. Perrin used particles of radius r = 10™° c¢m and
mass m = 1071* g. For such particles in a water emulsion (n =
1072(g/cm.s) using formula (8) we get 7, = 107 3sec. As one can see,
the time 7, is much greater than the characteristic variation time t of
the random force f(t) (o > t). Therefore, 7, a characteristic time of
a relatively slow process in the system is long time. Nevertheless, as



we will show below, the time (1) for observing the movement of the
Brownian particle is longer than the "big" time 7, (t > 1).

Now, based on equation (3), let's try to get a closed equation for
mean square fluctuation of Brownian particle x2. This is possible if we
use the law of equal distribution of energy according to the degrees
of freedom for the Brownian particle. To get this equation, we need
to multiply equation (3) by x and perform simple transformations
using the following formulas (identities)

d’x 1 d? X2 dx

Xaiz ~ zaez ) (dt) (#)
dx 1 d

X =5 w™)

As a result, we get

2
2 2
~ 7z (%) —mug = fx — Zdt(x )- (9
From this point we begin to introduce the elements of statistical
theory.

Let's average the equation (9) over time t using the formula (5).
Suppose that the time t is many times greater than the characteristic
time t of the variation of random f(t) force (t>>1).

Here we have to take into account that under the influence of
f(t)-random force, x(t)-function also turns into a random function.
Although the random variation of x(t) is caused by the f(t) function, we
assume that these two functions are statistically independent of each
other and that there is no correlation between them. This means that
if we imagine the graph of Fig. 2 type for x(t), we will "see" that it will
not repeat the shape of the function f(t) at any point in time.
Therefore, the product of f(t) x(t) is a random function with the same
properties as each of them. This assumption is considered valid in the
theory of random functions, where it is proved on the basis of intuitive
considerations.



As a result of this averaging, the quantities related to the f(t)
force (f = ¥ =~ 0), which vary rapidly in T time, "disappear", and only
the quantities related to the slow 7 - the time of decay of Brownian
particle velocity remain (F # 0). These quantities, caused by the
viscosity of the liquid, lead to the

slowing of the Brownian particle movement down.

When averaging the equation (9), we deal with the correlation
function of typé f(t)x(t), which is the average of the product of two
random functions. Since f(t) and x(t) are statistically independent of
each other, as we said above, it is possible to "separate" the
correlation function f(t)x(t), which ultimately leads to its equalizing
to zero:

f@x@) =f(@) ~x(t)=0, (E>1). (10
Using the extremely important properties of random functions
expressed by formula (10), we get:

m d? — 2 Yy d 2 .
—— )_mvx __EE(x ). (11 Now in

the equation (11) we somehow have to get rid of the term v_,f

Using the "separation" formula (10), we got an equation that no
longer contains random f(t) forces at large times t>>t. At small t-times,
these forces have already done their "job" - under their influence, the
Brownian particle's coordinate x(t) has also become a random

function. Therefore, for v_,f we can use the law of equal distribution of
energy according to the degrees of freedom:

1 — 1
Using equation (12) and eliminating v2 from equation (11), we
finally get a closed equation with respect to

m d? — yd  —5
;E 2) — mkT = —Ea(xz). (13)



Using the law (12) of statistical physics for equilibrium macroscopic
systems and also the correlation separation formula (10), we finally
considered the system consisting of Brownian particles as a statistical
object. From this point on, we abandon the usual (Cartesian)

coordinates and introduce a new "good" variable x2called the root
mean square fluctuation. In the later stages of system evolution, it will
play the role of a "dynamic" variable. It can be seen from equation (13)
that the variation in time of the fluctuation resembles the variation in
time of some hypothetical particle - the fluctuation moves like a
particle.

Equation (13) can provide information about the displacement
of a Brownian particle only within its average value (i.e. - approximate,
imprecise, truncated) and also only for large t times (asymptotic t>>1).
In other words, due to the complexity of the problem (the existence
of random forces), we had to give up finding the exact solution to the
problem and were forced to settle for finding an approximate solution
(incomplete information).

Now let's find the solution of equation (13). If we introduce the
notation for the rate of change of mean square fluctuation:

4 72y =
dt (x%) = a,
(14)
From (13) we get the equation:
& _okr=-Z%. (15)
dt To

The solution of equation (15) is

Q= % +c-exp(t/ty),

(16)



where c is the integration constant. At long times t > 1, the second
term in the right-hand side of (14) can be neglected, as a result of
which we get:

2kT

=2 (%2) =
a—dtx)—y. (17)

By integrating equation (17), we get
2=,
Y

If we use here the formula (7) for spherical Brownian particles, we
finally get

— t 1 kT
x2 =—, — = . (18)
to 3mrn

The equations (18) show that the change in mean square fluctuation
is proportional to time, and the rate of change 1/t is proportional to
temperature and inversely proportional to viscosity.

As it was said at the beginning, the result shown by formulas (18)
was obtained by Einstein and Smolukhovsky, and experimentally It
was checked by J. Peren (1908). If we take the square root from both
sides of equation (18) for the s-displacement of a randomly wandering
Brownian particle, we get

s = \/x:2~1/t/t0 : (19)

According to formula (19), an important conclusion can be
made: at long times (t > 1), the displacement of a particle caused

by a random force is proportional to vt . Such a dependence on the
time of movement can only be caused by the impact of a random
force. A similar dependence does not exist in classical mechanics,
which only studies motion caused by regular (non-random) forces. The
opposite is also true: If the system moves according to theVt rule,
then the driving force of the motion is random.



The collision of liguid molecules with Brownian particles can
cause random translational motion and its random rotational motion
as well. Such movement is called Brownian rotational movement
(diffusive rotational movement) and it was investigated by I. Frankel.
If we denote the angle of rotation of the particle around the z-axis by
¢ in the Cartesian coordinate system and perform the same
procedures as we performed to obtain formula (18), in the case of
Brownian rotational motion for the mean square value of the ¢-angle
and for a spherical particle with r-radius, we obtain

— kT

Y

L.

4mr3y

(20)

We get a formula similar to (20) for "free-random" rotation around x
and y-axes. If we introduce the so-called Brownian relaxation rate

1 kT

= (20a)

Where V is the volume of the Brownian particle, we get P =t/1g,
from which it can be seen that 1 /75 represents the propagation speed
of the mean square fluctuation of the rotation angle. As one can see
from (20a), the viscosity prevents the propagation of the fluctuation.

It should be noted that, in addition to the similarities between
translational and rotational movements, there is also an important

difference. In particular, for translational Brownian motion Vx2 -the
displacement is an unlimited quantity, while for rotational Brownian
motion /(p—z - the turning angle cannot be more then 1t (or 2m). After

reaching this value, it starts to increase again (from zero value) and

therefore /(p—z has a periodic, "sawtooth" shape, similar to the one

shown in (Fig. 5). It is possible to induce an even slower, directed,
resonant motion by impecting any of its spectral components with an
alternating magnetic field. We will discuss this issue in the 3rd part.



2. Suspension of magnetic nanoparticles.

The elements of the transition (iron) group of the periodic
system of elements (Fe-iron, Ni-nickel, Co-cobalt) have a spin moment
different from zero. The atoms of these substances in a solid state
interact with each other i through the exchange interaction U,, .

Uex = _2](§1_>' S_2>) (21)

Here s;, s, are -spin operators, J -exchange integral. If J>0, the
exchange interaction leads to the polarization of atomic spins (the
spins of all atoms are directed in one direction). Such a state of a solid
body is called a ferromagnetic state. Actually, the exchange
interaction polarizes not the spins of the whole (massive) body, but
some of its parts, which are called domains. The dimensions of the
domain are several nanometers. The domains contain approximately
N = 10% = 10° atoms. The massive pattern of iron consists of many
such domains, which are polarized, but chaotically directed towards
each other.

If we crush a massive body of iron and grind it to the size of a
few nm, we get single-domain iron flakes - iron nanoparticles. The
magnetic moment of such a nanoparticle is equal to M = Nug, where
ug = 9,2 -1072* A-m2 - Bohr magneton. Since N is a large number, a
nanoparticle is considered as a macroscopic object.

A massive piece of iron has the property of magnetic anisotropy,
which is that it is easier to magnetize in one direction than in other
directions. This direction is called the axis of easy magnetization.
According to phenomenological theory of magnetic anisotropy



developed by L. Landau a massive iron sample has an internal
magnetic anisotropy energy

U, = A(sinp)?

where B is the angle between the anisotropy axis and the magnetic
moment. Minima of Ua energy at 0 and it determine the direction of
easy magnetization. Liquid consisting of small solid particles in
Brownian motion suspended in it is called a suspension. If the particles
sizes are in the range of 1+103 nm, Brownian motion does not allow
them to settle to the bottom.

Suspension of magnetic nanoparticles (magnetic nanofluids) is
used in medicine. A liquid containing magnetic nanoparticles is a
medicine.This kind of suspension is injected into the injured area of
the patient's muscle, and from the outside, with the help of magnets,
they localize the drug in the injured area and prevent it from spreading
throughout the body.

3. Effects of resonant electromagnetic field on rotational Brownian
motion

If a magnetic nanoparticle is exposed to a magnetic field, then
its total magnetic energy is:

U@,y) = Asin?>(yp — 8) — mB(t) cos 8, (22)
A>0, =620, >y =0.
U, = Asin?(p — ) is the energy of magnetic anisotropy,

mB(t) cos 0 is the energy of interaction of a magnetic nanoparticle
with a magnetic field.

If the internal magnetic anisotropy energy did not exist, the
same kind of "random-free" rotation around all three axes of
Cartesian coordinates would take place, and the rotation around all



three axes would be expressed by formula (20). And now, due to the
presence of magnetic anisotropy, a different situation is occurred
when there is rotation around the directed axis ({ and 6-angles)
perpendicular to B(t) - magnetic field (Fig. 4)

B(1)

Fig. 4. The orientation of m-magnetic moment and n-anisotropy axis
are plotted with respect to B(t)-magnetic induction vector.

Here B is the angle between the direction of the magnetic moment
and the magnetic induction vector, | is the angle between the
anisotropy axis and the direction of the magnetic field (Fig. 4), A=KV n,_
is the anisotopy constant, m=|m|=Ms V., is the magnitude of the
magnetic moment, K and Ms are the densities of the anisotropy

constant and the magnetic moment, 1},, = gdfn is the volume of the

central magnetic sphere, dn, is the "magnetic” diameter of the particle,
B(t) = be "'sinwt - alternating magnetic field, b, w and vy -
amplitude, frequency and frequency broadening of this field,
respectively. Anisotropy energy density for magnetite (Fes Q)
nanoparticles - K = 4.8-10% J/m3. "Magnetic" and external diameters
are dm=7 nm (Vm=0.2 -10%* m3) and d=2r =10 nm (V=0.5- 102 m3), the
anisotropy constant is A=10-2%), the moment of inertia of a spherical
nanoparticle is 1=4-10-3¢ kgllm?.

1§ = _217159 —‘% — mB(t)sin§ + £(b),

(23)

W= —21—— 54+ f(0),



1 3Vn . . . .
where — = —— - «viscous» relaxation speed, ts - is the rotational

Ts
analogue of the time of the speed decay caused by viscosity, which we

have noted for translational movement 1o

GUA__ . . _
20 ASIDZ(I/) 9)—

0UA

oY

- the moment of the anisotropy rotating force acting on the Brownian
particle.

Magnetite is an iron oxide Fe;03-FeO which is widely used in
pharmacology and medicine.

Taking into account the anisotropy forces, the dynamic
equations of the rotational motion of the Brownian particle have the
form

b+2- 9+ Zsin2(p — 6) + 2 2sing = L2,

(24)
l/)+T—l/J —751n2(1/1—9) =@.

Let's introduce generalized coordinates - £&=0+{ and {=0-{. Then from
(24) we get

mB (t) sin @ f(t)
¢+ = €+ )
mB(t) sinf __ f(t)
I o1

(24a)

é’+—(+—sm2{+
TS I

If we multiply equations (24a) by € and T, respectively, and use (#) type
transformations, we get

§52_|g|2=_%52 fsme e Vt51na)t+ffl()
%(--2 - [5]2 = —%52 —?(SiHZZ—TCSiHQ'e_ytsma)t+—(fl(t) _
(25)

Now if we average equations (25) according to formula (5), using

1@ M 17 _ W
25_21 2(_21 (26)



the law of equal distribution of rotational energy according to the
degrees of freedom (26), and also that

SO =%-f© =0, f® =0,
FQ=¢-f(O=0, [ =0, (27)

The properties of the separation of correlations of random functions,
we get a system of equations

2mb
|

2kT

e 2 == T ———— .
$2+T_32+ -fsme-e"’tsmwt=T,

?+T£(_2+§(sm2( +¥-(sm0-e"’tsinwt=¥.
(28)

In the absence of anisotropy energy (A—0), the two equations
of system (28) coincide, as expected. Therefore, in this case, it is
possible to analyse only the first equation of (28). But since such
materials are not found in magnetic nanoparticles, they are less
interesting for us, and therefore we consider the case when Az0.

The system of equations (28) is significantly simplified if we take
into account that the Brownian particle spends most of the time (from
collision to collision) in uniform-rotational motion. In this case, in the
system of equations (28), we can ignore (inertia) forces proportional
to angular accelerations

£250, (2o 0 (29)

And finally we get a system of equations

E; = i(1 —e-&sinf e sinwt),

. ‘B (30)

(? = %(1 —alsm2{—¢&-{smb eV sinwt),
B



1 KT . . : i . :
ety is the Brownian relaxation rate (it is the inverse time of the
B

e . A . . . .
diffusive rotatlon),a=ﬁ is the dimensionless anisotropy

mb . ) .
constant, € = o is the small interaction parameter.

The system of equations (30), which describes the Brownian
rotational motion (diffusive rotation) of a magnetic nanoparticle in
suspension, is similar to equation (13), which describes Brownian
translational motion in suspension.

. : . . t .
If we introduce the dimensionless time T = py— then equation
B

(30) takes the form

%;2: Ar(l—e-&smB-eVTsinw i),
i—(;= 4n(1—alsm2{—e-{smB-e " sinw %).
(31)

where @ = 4nwtg and y = 4mytg. For the magnetic moment of a
magnetite nanoparticle - m= 1071 J/T, for a water suspension - 1 =
1073 kg/m - sec, at room temperature and for a weak radio frequency
field- 5=04-10"3T, weget: 13 = 0,4-107% a=2,5 and €=
1072. Let's take the solution of system (31) in the form of the power
series of €

[ e[ 4
(—2 ~ [5—2](0) L [{—2](1) n

—(0 —(0
where the zero order quantities [62]( ) , [(2]( ), are determined

, (32)

from the following equations



d [5—2] (0)

i 41T,
a2 57 39
——=4n(1—adsm 200y,
. ) 771D 51D
And the first-order corrections [E ] and [E ] - from the
equations
zZ| _ .
s ~] = —41&sm 0@ eV sinw 7,
a (34)
a2?) ) oyt
ok —4m{ s oY eV sinw 1T,

Where the line on the top of the formula and (0) denotes averaging
with undisturbed condition.

The solution of the first equation of (33) is [E_z](o) = TL = :TTnt’
B

which is a rotational analogue of Einstein's formula (20).

Let us study the flow of fluctuations in the zero approximation of
the perturbation theory. The 2nd equation of the system (31) on the
right side can be represented as a product of infinite series:

7 om0 ~ 72 {_4 0 (_2 {_4 0
{sm2{® ~ 2[¢2 =2+ JO[1 =2+ 21O,

(35)

If we use N. Bogolubov's ideas about "separation of correlations":

=~ (i7"

Then we are able to represent the left side of (35) with[C_z](O)

\/%sinZ\/% : (36)



Then, using formulas (35) and (36), we get from (33):

>3 (0) _ —
W _ 4y (1 _a /52(") sin2 ‘/(2(°)> .37

—(0
We obtained the equation (37) closed with respect to [{2]( )

/—0
(37) is Inhomogeneous equation with respect to CZ( ), SO its

—(0
solution[(z]( ) can be presented as a sum:

[(2]( ) _ (2(0) n {2(0) (38)

—(0
Where (22 ) is a general solution of a homogeneous equation:
d(z( ) —_(0)
= —4ma (2 51 n2 ({7, (39)

—(0
And (Z;h) - Inhomogeneous equation:

5(0) . 550 1
/(2nhsm2 {Znhzz : a+0 (40)

- private solution.

Equation (40) is a transcendental equation and therefore can
only be solved by numerical methods. Let us introduce the

notationJ(Z(a,r - 0) ={,(a). At room temperature, for

magnetite nanoparticles - (a=2.5), the solution of the transcendental
equation (40), obtained by numerical methods, is.{,(2,5) =
0,5 Mo = 280,

The general solution of the homogeneous equation (39) is:

—5(0)

{2, =tan~!(Ce*m7), (41)



where Cis the integration constant. If the initial condition of equation
(38) is [¢2]((0) =0, then C = —tan{s,(a). So this complete
solution of (38) is :

JZ® = —tan*ftan go(@) e=97] + Co(a) . (42)

At large times (7 >» 1/4ma) from (42) we get:

ﬁﬂ@ﬁﬁ@=gm)

Suppose that ? and (_2 follow the corresponding variables ¢
and €. Since the dimensionless period of motion is i, the fluctuation

period of &2 isalso T, =
27 +T) = [V, (43)
T, - fluctuation in time gets the maximum value [5_2](0)(7*‘6) — 472,

Taking into account the periodicity condition (43), the solution of the
first equation of the system (33) is:

[22] = an(z — nin), (44)
where
nt<i<n+Dnr, n=0,+1,+2.---.
The function (44) has a "sawtooth" shape (Fig. 5)
B

4m

[

NN .

. —4n —2n 0 2n 4 ---

Fig. 5. Dependence of fluctuation flux on time.



By expanding the function (44) into a Fourier series, the spectral
composition of the fluctuation stream is:

[6—2](0) — 42 [l_l(sin%_l_sinZ% _I_m_l_sir;ln%_l_m)]’

2 w\ 1 2
(45)

lts asymptotic value at long times t >> 15 is, [§2](® = 272, where
the double line at the top of the formula denotes averaging over
longer times than what was meant by the (5) averaging formula

A = [y AG)dx| (46)

t>1p

— (0
At large times t >> 15 we get &, = [EZ]( ) ~\2n =1,4m. For
"old" variables - 6. (a) = gn+ %{w(a) a nd Y,(a) = gn—
1
Ezw(a)-

Now let's study the resonance effect of the radio frequency
field on the periodic motion of the fluctuation, which is present in the

first order corrections [5_2](1), [(_2](1)and are determined by the
system of equations (34). It follows from the same system that in order
to calculate these quantities, we need to calculate the expressions
EsmO©® and smbO©@. We take into account that the main

contribution to these terms is the resonance harmonic (w = 2),
1

4TTTR

which is proportional to sin @ T (wy = ). At the same time, we use

the following formulas for the "separation" of average values
F 0 ~ [[F219]" o « [[2219 £

2@ ~ [[2]”] @ = [[€2]7] € ~ o

Therefore, we get:

——(0) —=(0)

g‘sme(o)zfsm§ cos?’o+ fcosi sin7z



zf(i— 5_3.+---)\ cos—+€(1—2j22!+---)\ sin%”z
(47)

o ®@
L e ] $oo
z(z[fz] — 55—+ ) cos =,

ZsmnH® = 0.

Let's say only one harmonic enters the resonance y < w,. Since
we are only interested in the main(w = wy) resonant terms, we
neglect all other multiple harmonics in the right-hand side of equation
(34). If in the last part of transformation (47) we leave only the first
term, in which we keep only the first resonant harmonic of (45), we
get:

(0) 2 (0) 500( ) ~ {oo(@) .0 ~ ~
¢ smn o |wzw [f le, —2mcos= —=sind@ f
(48)

~ 2T
where w =— = 2.
Ty

If we return to the dimensional quantities in equations (34) and (48),
equations (34) takes the form:

21 wl(a
[52](1) Cosq 2( )e Yt sin wt sin wyt
2™ =0 (49)
where wg = -
4TITR

Let's note that the contribution of magnetic anisotropy is
included in the system of equations (49) only through the quantity

(oo (@).



If we leave only the resonance terms in (49) (wy, = w), then
their solution

=11 0 1 _ _

[EZ] = %cosz z(a) vy [e "' (AsinAt —y cosAt) +v],
—1(1)
142]" "=l (a) , (50)

. 1 1 .
where w — wg = A. Inthelimittp K t <K .3 the solutions of (50)

€Y) o A2
£ ~ Zeos @ £y 51)

Second equation of (49) shows that at very long times (¢ >>7g)
{ = {, (a) the magnitude of the angle is preserved even in the
presence of a resonant field.

At longer times t>1/y, as follows from (50), the stationary
resonance correction is:

[é_—z] (oo( ) Y (52)

B 2 ]/2+A2

where <:--> denotes the asymptotic value of the function t>>(1)/y . It
follows from this solution that the resonant field causes the rotation
of the angles © and ¢ (Fig. 6), keeping the angle between them
unchanged.

e

Fig. 6. Fluctuations of © and { angles



For magnetite nanoparticles, at room temperature(a = 2,5),

cosM ~ 0,95 . Under exact resonance conditions (A=0) and for

the value of the radio frequency field width - y = 103 1/s, the
stationary value of the fluctuation:

< &2 >=[82]04< 8[5_2](1) >~ 212 + 22 cos 228 o 92,
YTB 2
(53)

(5_2) ~ 3.
From this, we subtract the 2m-period for € and get the value & =

(€2) ~ m , which means the reversal of the moment. It follows

from the equations (52) and (53) that any orientation of the magnetic
moment can be obtained by selecting b and y parameters.

The radio frequency resonant field in the time interval 77 <K t K
1/y causes the fluctuation flow rate to increase. As can be seen from
(51), the correction of the fluctuating flow rate under the considered
conditions is:

—_— (1) T ( A2
2 — o
< [5 ] > = o C0S= (54)

As follows from (54), in the case of a monochromatic resonant field
(y=0), the rotational velocity of the fluctuation under the influence of

the resonant field increases by me cos L 3+ 1072, which is equal

2
to 3% of 1/,

4. Resume



As we have seen, Brownian motion in suspension is
characterized by different time scales that satisfy the following
conditions of the time hierarchy T K 75 K t,, where

m 3mrn

Tg = ,tg = 55

0 6mrn 0 kT ( )
- for transitional Brownian motion,
T K1, KT,

Where
I 3Vn
Te = —, Tg = — 56

for rotational Brownian motion.

Chaos is generated during the shortest t -time due to the impact
of collisions caused by uncompensated forces. At this stage, Cartesian
coordinates become useless for describing motion. The role of the
"good" variable at this stage is played by the mean square fluctuation
x2 . In Ty time, fluctuating flows of exponential braking motion,
caused by fluid viscosity, coexists with chaotic motion, but after 7,
time passes, it fades away and only chaotic motion remains. For the
rate of change in time of the s-displacement of the Brownian particle
under the conditions of chaotic motion, at times t > 7, we get

S = \/x__2= t/to

Similarly, for rotational Brownian motion at t > 75 times, we

have

Dependence on the time of displacement from the root "t" is the main
characteristic of chaotic motion.



Brownian rotational motion becomes periodic after a longer time t >
Tg. Frequency of this motion wy = 1/4nty is in the radio frequency
range. Under the influence of the radio-frequency electromagnetic
field, a characteristic picture of the resonance process is obtained:
forced rotation of the fluctuating flow and, also, an increase in the
rotational speed. At this last stage, the current process depends only
on the main parameters of the problem - viscosity and temperature —
through w, . The main characteristic of such a resonance process is: if
the temperature changes, the resonance frequency will also change,
and the resonance effect of the radio frequency field will disappear.
This type of resonance is called stochastic resonance.
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