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Intrinsic magnetic resonance in nanoparticles:
Landau damping in the collisionless regime

Yu.L. Raikher*, V.I. Stepanov

Institute of Continuous Media Mechanics, Ural Division of RAS, 1 Korolyov St., 614013, Perm, Russia

Abstract

In a uniaxially anisotropic particle the frequency of intrinsic ferromagnetic resonance depends on the angle deviation

of the magnetic moment from its equilibrium position. At low spin–lattice relaxation and in the presence of

superparamagnetism, the regime of relaxation in an assembly of such particles closely resembles the Landau damping

regime, which is well known in the kinetic theory of plasma. In the high-temperature limit in the case of polydisperse

systems, particle volume and surface anisotropy affect the absorption lines differently. r 2002 Published by Elsevier

Science B.V.
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Superparamagnetism is a well-known thermofluctua-

tional effect responsible for observable loss of equili-

brium magnetization in nanosize objects. Less known is

the fact that the rotary diffusion of the magnetic

moments of single-domain particles also strongly affects

the precession mode. The essential r #ole of thermal noise

in the formation of the ferromagnetic resonance (FMR)

spectra of fine-particles was reported in 1974 [1], and

thus it has taken over two decades to fully understand its

effect on the dynamic susceptibility. Let a magnetic

moment l be deviated at zero temperature from its

equilibrium position. Then, according to the Landau–

Lipshitz equation

dl=dt ¼ �gðl � Heff Þ � gaðl � ðl � Heff ÞÞ ð1Þ

(with g and a being the gyromagnetic ratio and the
damping parameter, respectively) vector l begins to

precess with an angular velocityBgjHeff j circumscribing
a conical surface with the symmetry axis along the

effective field Heff : With time the cone shrinks due to
spin–lattice relaxation, and l>; the projection on the
plane normal to Heff ; decays as a deterministic vector.
Now let us introduce a heat bath, i.e., fluctuations that

disorient the magnetic moment at random. In this way

one ‘‘switches on’’ the orientational diffusion that

accelerates the decay of the macroscopic (observable)

quantity /l>S; the ensemble average of l>: In Ref. [1],
the appropriate theory was developed for the case of

intrinsic FMR, where Heff consists solely of the internal

field of magnetic anisotropy Ha ¼ 2K=I ; with K being

the volume density of the magnetic anisotropy energy

and I the particle magnetization. Assuming the pertur-

bations l> to be infinitesimal, the conclusion obtained

in Ref. [1] was that with increasing temperature the

character of the magnetic moment motion changes from

a resonance to an overdamped one. In the high-

temperature limit the decay rate (and thus, the linewidth

Do) is proportional to akT ; i.e., the product of the
damping parameter and temperature. In other words,

under heating, the absorption line of intrinsic FMR

experiences unlimited homogeneous widening.

The predictions of Ref. [1] looked so reasonable that

for a long period no revision seemed necessary.

However, on closer inspection, the claimed proportion-

ality DopakT that yields Do ¼ 0 at a-0 whatever the

temperature, does not seem physically justified. A

correct way to analyze the case of a-0 was outlined

in Ref. [2] and applied to intrinsic FMR in Ref. [3]. It

turned out that at a ¼ 0 the linear-response (Kubo)
theory gives an exact solution for the dynamic suscept-

ibility. The result is not a zero-width line, as it follows

from the approximation [1] in the limit a-0: In the
linear-response treatment, one explicitly takes into
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account that for intrinsic FMR the precession frequency

is

oðyÞ ¼ oa cos y; oa � gHa; ð2Þ

and thus depends on the angle deviation y of vector l

from the easy axis.1 In Ref. [1] this dependence was

ignored, and the condition oðyÞ ¼ oa was imposed
assuming y51: However, a unique feature of nanopar-
ticles is that even at sufficiently low temperatures the

ratio s ¼ mHa=2kT can easily become less than unity.

Writing down the Boltzmann law as expðs cos yÞ; one
finds that at finite temperatures the magnetic moment

orientations, y; are scattered considerably over the

interval [0; p=2]. Consequently, in a superparamagnetic
particle a single response (precession) frequency oa is
replaced by a response bandwidth [0;oa], i.e., a non-

homogeneous widening of the absorption line takes

place.

Consider an assembly of such particles (their easy axes

being parallel) subjected to a circularly polarized

probing field h>Ha: It would respond at any oooa;
with the magnitude of the response depending on

how densely the corresponding oðyÞ state is populated.
The absorption line w00 (the imaginary part of the

dynamic susceptibility) is calculated as follows. The

Landau–Lipshitz equation for the intrinsic FMR is

written as

de=dt ¼ �oaðenÞ½ðe � nÞ þ aðe � ðe � nÞÞ�; ð3Þ

where e ¼ l=m and n are the unit vectors of the magnetic
moment and easy axis, respectively. Then the friction

term is replaced by �e that is an infinitesimal damping
constant, and the circular components of e are expressed
in terms of the polar angles as

ex ¼ ReC; ey ¼ ImC; C ¼ sin y expðijÞ: ð4Þ

Substitution of Eq. (4) into Eq. (3) yields a solution of

the form

CðtÞ ¼ Cð0Þ exp½ðioa cos y0 � eÞt�;

Cð0Þ ¼ sin y0 expðij0Þ; ð5Þ

where index 0 denotes the initial values of e: Clearly,
Eq. (5) corresponds to the azimuthal motion and

conserves the initial value y0: The dynamic susceptibility
is evaluated with the aid of the Kubo theorem, which in

terms of Eq. (5) may be written as

w ¼ �
cm2

kT

Z
N

0

dt e�iot q
qt
/CðtÞC�ð0ÞS

¼
cm2

kT

oa cos y0 sin2 y0
oa cos y0 � oþ ie

� �
; ð6Þ

with c being the particle number concentration; here the

angular brackets mean the statistical averaging with

respect to the equilibrium (h ¼ 0) state of the ensemble
and the retained damping e ensures a correct choice of
the integration path.

Formula (6) describes the oscillatory response from a

statistical assembly of magnetic moments. However, in

the spirit of the Kubo theory the vertex angles y0 of the
precession cones are taken as that distributed according

to the Boltzmann (i.e., equilibrium) law expðs cos y0Þ:
Performing the configurational integration in Eq. (6)

and then setting e ¼ 0; for the imaginary component of
the dynamic susceptibility one gets

w00ðoÞ ¼ ðpcm2=2kTRÞxð1� x2Þ expðsx2Þ;

x � o=oa; R �
Z 1

0

expðsy2Þ dy: ð7Þ

In the high-temperature limit, s51; where expðsÞ
approaches unity, Eq. (7) reduces to

w00ðoÞ ¼ ðpcm2=4kTÞxð1� x2Þ: ð8Þ

Note that although the linewidths of individual oscilla-

tors are exactly zero, the lineshape (8), shown in Fig. 1

by a dashed line, has the finite width Dx ¼ Do=oa ¼ 1:
We remark that a striking similarity exists between the

described effect in single-domain particles which is

known as the Landau damping in the kinetic theory of

plasma. Attenuation of electromagnetic waves in a fully

ionized plasma is entirely due to this fundamental

mechanism. Mathematically, in both cases a finite
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Fig. 1. Absorption line of intrinsic FMR in an assembly of

nanoparticles with uniaxial surface anisotropy. The polydis-

persity is described by the gamma distribution; b ¼ 50 (1), 10
(2), and 1 (3), the dashed line corresponds to a monodisperse

system.

1 In fact, Eq. (2) is a particular case of a more general

problem considered in Ref. [4], where it is shown that a uniform

precession is an exact solution for the finite-amplitude case as

well.
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absorption line results from the averaging of a

Lorentzian line of an infinitesimal width over some

distribution of resonance frequencies. Physically, this

means that the characteristic frequencies of the process

under consideration are far greater than the ‘‘collision

rate’’ responsible for the energy diffusion in the system.

Another specific feature of intrinsic FMR in the a-0

limit is that, unlike the majority of magnetic resonance

phenomena, it is insensitive to the polydispersity of the

particles. Indeed, since the resonance frequency, oa; by
definition does not contain the particle size d; the size
averaging applies only to the prefactor in formula (8).

There m2 transforms to p2I2/d6S=36 and one observes
that neither the frequency dependence nor the width,

Do; of the absorption line w00ðoÞ is affected. However,
this conclusion holds only for the particles with

volumetric magnetic anisotropy, i.e., Ha ¼ constðdÞ: If
this is the case [5,6] where the surface anisotropy is

dominant, then situation changes. Then the basic

frequency oa becomes inversely proportional to the

particle size, and, accordingly, the absorption line of

intrinsic FMR becomes sensitive to polydispersity.

Introducing a uniaxial surface anisotropy of the

Aharoni-type [7] with the energy density KS; one finds
that

oaðdÞ ¼ 12gKS=Id: ð9Þ

To demonstrate the effect, which the particle poly-

dispersity has on w00ðoÞ; we average Eq. (8) with the
gamma distribution f ðdÞ ¼ ðd=d0Þ

b expð�d=d0Þ=Gðbþ
1Þ; here G is the gamma function. In terms of the

gamma distribution, the mean particle diameter is

/dS ¼ ðbþ 1Þd0: In Fig. 1, the curves of w00 for different
b are plotted as a function of the dimensionless

frequency o
*
¼ o=oað/dSÞ: Note that for all the

curves the mean particle size, /dS; is kept constant.
For comparison, the absorption line of a monodisperse

system (d ¼ /dS; b ¼ N) is also presented. One sees

the remarkable effect which the surface anisotropy has

on w00: the broader the distribution, the narrower is the
absorption line of intrinsic FMR.

In conclusion, intrinsic FMR in superparamagnetic

nanoparticles is a unique situation where the linear-

response spectrum of the magnetic moment is directly

affected by its equilibrium distribution function. The

absorption lineshape has a striking resemblance with

one describing the attenuation of electromagnetic waves

in a fully ionized plasma (Landau damping).

In a polydisperse system, the absorption line of

intrinsic FMR has a parabolic shape as long as the

particle magnetic anisotropy is of a volumetric origin. A

tendency of the line to deviate from the parabolic profile

(8) (see Fig. 1) and to acquire an exponential shape,

indicates the presence of surface magnetic anisotropy of

the particles.
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