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Quantum oscillations in small magnetic particles
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Quantum oscillations in small magnetic particles, induced by external magnetic field, are considered.
It is shown that, due to tunneling of the total magnetization Mo, the ground-state energy of the system
oscillates as a function of the external-magnetic-field strength with period 5H =(p, /Mo)H, (p is the
magnetic moment; H, is the coercive Geld). In small anisotropic antiferromagnetic particles, the mag-
netic Geld enhances the Neel-vector tunneling rate and generates oscillations in the soliton rest energy.

I. INTRODUCTION

Magnetic properties of single-domain samples of meso-
scopic size have received widespread attention by theor-
ists as well as by experimentalists for a long time (see,
e.g., Ref. I). One of the most interesting features of these
systems is the existence of specific demagnetization pro-
cesses due to thermal or quantum fluctuations of the total
magnetization of the sample. At low temperatures,
demagnetization is due to the macroscopic quantum tun-
neling (MQT} of spins. This problem has been studied
carefully with use of various approaches. For antifer-
romagnets with "easy-axis" anisotropy, the probability of
MQT has been derived within the semiclassical continu-
um model. '

In considering macroscopic quantum tunneling, one
usually distinguishes between two types of processes:
quantum decay and macroscopic quantum coherence. In
the first case, it is often assumed that the system initially
occupies one of the metastable vacua; the tunneling from
the "false" vacuum to the ground state is calculated un-
der the assumption of either quantum nucleation of a new
phase domain or homogeneous subbarrier transition (for
mesoscopic-sized samples). In the latter case, it is
suScient to calculate the imaginary part of the metasta-
ble vacuum energy.

In the phenomenon of macroscopic quantum coher-
ence, tunneling is a multiple-step process. Consequently,
the object of the calculation is not the tunneling probabil-
ity itself but rather the dependence of different properties
of the system upon this probability. When studying the
macroscopic quantum processes, one usually selects a
weakly fluctuating collective degree of freedom, assuming
its dynamics can be described quantum mechanically. In
this case, the collective quantum dynamics of the ma-
crosystem incorporates different oscillation effects, in
complete analogy with conventional quantum-mechanical
calculations. The amplitude of these quantum oscilla-
tions depends essentially on the size of the system and on
the parameters destroying the phase coherence (tempera-
ture, dissipation, etc.).

One manifestation of the macroscopic quantum coher-
ence is the effect of the 0 vacuum originating from the

oscillating dependence of thermodynamic properties of
the system on the "vacuum angle" 8„(8„is the factor
with which the total time derivative enters the Lagrang-
ian). In solid-state physics, the parameter 8, depends on
external fields and the vacuum oscillations" can, in prin-
ciple, be detected experimentally.

For example, for the Aharonov-Bohm problem in con-
ductors with charge-density waves, 0„ is the normalized
magnetic flux. 0 effects have also been discussed for
Josephon junctions of mesoscopic sizes. In this case, the
vacuum angle depends on the voltage applied to the junc-
tion.

The purpose of this paper is to study quantum oscilla-
tions in small magnetic particles. We considered a simple
semiclassical model of a small-sized anisotropic fer-
romagnetic in the external magnetic field and showed the
existence of quantum oscillations as a function of field
strength. For antiferromagnets, 8-vacuum effects pro-
vide oscillatory corrections to the rest energy of topologi-
cal solitons and stimulate transitions with the flipping
over of the Neel vector.

II. QUANTUM OSCILLATIONS VS MAGNETIC FIELD
IN SMALL MAGNETIC PARTICLES

Mo .S= Jdt @cos8—E(8,4)
p

(2)

where E(t'I, rp) is the energy of the particle and p is the
magnetic moment on a site.

Let us consider at first a ferromagnet with "easy-axis"
anisotropy in an external magnetic field which is orthogo-
nal to the easy-magnetization plane (along the z axis).
Then

E(8,N) =E(cos8 H /H,}—(3)

Following Ref. 2, we consider a simple semiclassical
model of a ferromagnetic particle. The dynamic vari-
ables are the components of the total magnetization

M(t ) =Mo(sind sin+, sin8 cos4, cos8) .

In terms of angle variables 8(t) and 4(t), the action of
the system takes the form (see, e.g., Ref. 2}
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where K is the energy of magnetic anisotropy and
H, =2K/Mo is the coercive field. The classical ground
state of the system is described by the magnetization vec-
tor on the "easy cone" [8=arccos(H /H, ) ] with the arbi-
trary value of the azimuthal angle N =const.

Note, however, that the projection of M on the easy
plane is not conserved, and so quantum fluctuations delo-
calize the azimuthal angular "motion" of the system. Let
us derive the shift of the ground-state energy caused by
this delocalization. %e will be interested not in the
total-energy shift, but rather only in the oscillating part
of the ground-state energy. For this purpose it is con-
venient, using the equations of motion, to rewrite the La-
grangian in terms of the azimuthal collective variable,

I,ff . 0,L= 4+
2 277

(4)

where the effective moment of inertia I,ff and the vacuum
angle 0, are determined as follows:

2
Mo Mo H

0, =2m2K' '
p H,

The Lagrangian (4) describes the quantum dynamics of
a particle on a circle and it has been repeatedly studied in
the past (see, e.g. , Refs. 7, 9, and 10). We use the expres-
sion for the oscillating part of the free energy F(T) ob-
tained in Ref. 10:

2T exp—( 2m I,f—rT )cos8, , TI,s ~ 1,
~+osc

[min I ( 8„/2m. —[8, /2m J ), ( (8„/2m ]
—8, /2n ) ]], TI,s « 1,

eH'

(6a)

(6b)

BF
aa

T a', (u, q)
5H 8,(u, q)

where 83(u, q ) is the Jacobi 8 function,

H
6H '

Moq=exp. —m—
K p

2

In terms of the model initial parameters the oscillating
part of the magnetization at high temperature
T ~ K(p/Mo) takes the form

where T is the temperature, [x ] is the fioor function of x
and [x ] is the ceiling function of x, and so the quantity
enclosed in square brackets in Eq. (6b) is the difference
between x and the nearest integer. According to Eqs. (5)
and (6) the external magnetic field induces quantum oscil-
lations in small anisotropic ferromagnetic particles. The
period of oscillations is

SH= " H, =2 " K
Mo

'
Mo Mo

and can be physically interpreted as follows. It is con-
venient to regard such an anisotropic magnetic particle as
a planar rotator with characteristic frequency co, =pH,
and a discrete energy spectrum. Then the force-free
influence of the external magnetic field results in the
shifting (b,EH =MOH) of the rotator-energy levels. At
definite values of the magnetic field, when DE~=neo„
the shifted spectrum coincides with the initial one (H =0)
and thus all characteristics of the system are oscillating
functions of AEH/co, . The amplitude of these mesoscop-
ic oscillations decreases exponentially with increasing
temperature, in accordance with general properties of
quantum coherent phenomena.

The macroscopic quantum coherence in our case mani-
fests itself by the oscillations of the magnetization projec-
tion on the magnetic-field sense (see, e.g. , Ref. 10)

2
Mo T Mo

oM;"(H ) =T exp n. —
pK K JM

pKH
sin 2

Mo

(10)

The characteristic value of the amplitude of oscillations is
of the order of p and thus the precise measurements with
the atomic level accuracy are needed to detect the oscilla-
tions.

Let us now consider a ferromagnet, in the external
magnetic field, which has an easy anisotropy axis (along
the x axis) in the easy plane, Ref. 11. Then the energy of
the system is

E(8,4)=K, (cost —cos8o) +Kzsin csin 4,
where K, z (with K, )Ez) are the energies of magnetic
anisotropy, cos80=H/H, . In zero magnetic field, model
(11)has been studied in Ref. 2.

Classical vacua of the system can be described by the
two different orientations of the magnetization vector on
the "easy cone, " namely, (8=80, 4=0) and
(8=80, 4=~). These vacua are separated by a potential
barrier which is finite for a small-sized particle. Due to
tunneling, the mean value of the magnetization projec-
tion on the "easy axis" vanishes, (M„)=0. In Refs. 11
and 2, the probability of the subbarrier transition
~4=0) ~4=m), resulting in a tunneling splitting of
the ground-state energy level, has been calculated. How-
ever, in addition to the double splitting, the energy of
each level also decreases (see, e.g. , Ref. 12) due to instan-
ton transitions between vacua separated by 2vrk (k EZ).
This energy-level renormalization becomes observable in
the presence of an external magnetic field. In particular,
for the problem in question it manifests itself for
K2 ))K, as oscillations of the physical properties of the
particle as a function of the magnetic field.

Using Eq. (11) and equations of motion, one can easily
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obtain the Lagrangian for the azimuthal dynamical vari-
able 4(t ). In the limit K, »Kz, when classical dynam-
ics of 8(t) is suppressed, the desired Lagrangian takes the
form

the Lagrangian of a one-dimensional spin chain takes the
form (Ref. 14)

2p 1
2

Iea'L~= N —I g2

2
coosinOo t9,

[1—cos(2@}]+
2 2m

0,+ E""B„(cos8 8 @) .
4~

(15)

(12)

where I,tt and 8„are determined by Eqs. (5),
o2=4V'X ~a2/~o-
If K2=0, Lagrangian (12) coincides with the one [Eq.

(4)] considered above. In the absence of a magnetic field

(8Q =~/2 8„=0), this model has been discussed
thoroughly in Ref. 2.

In the general case, Lagrangian (12) has been studied in
Ref. 7, which treated the Aharonov-Bohm effect in con-
ductors with charge-density waves (see also Ref. 10).
Thus, formulas for the oscillating part of the ground-state
energy of the dynamic system (12) can be taken directly
from Ref. 7:

5EO cppsin8Q I/Sp /2ttexp( —Sp )cos(n~p)

where

(13)

mO= Inlrl mO —mO, mO —mO

with mp=(Mp/p)cos8p and

~o
Sp = '1/ (K2/K, )(1 H2/H, )— (14)

is the one-instanton action (5@=m} Notice .that the
semiclassical equation (13) is valid only if Sp » 1.

According to Eq. (13), thermodynamic characteristics
of the system (11) (e.g., the magnetization) oscillate as a
function of the external-magnetic-field strength with the
same period 5H (7) as for the simple case considered
above. We can regard this process as "tunneling pre-
cision. " The coincidence of oscillation periods comes
from the fact that the true symmetry of the system is the
2m symmetry of the azimuthal degree of freedom, not the
n symmetry of the classical potential energy (11). How-
ever, the oscillation amplitude, even at zero temperature,
acquires an additional exponentially small factor associat-
ed with the tunnehng character of vacuum-vacuum tran-
sitions.

III. 0 VACUUM
IN MKSOSCOPIC ANTIFKRROMAGNKTS

When studying the properties of small antiferromag-
netic (AFM) particles, we will base our calculation upon
the nonlinear O(3) o model. This model can be derived
microscopically (see, e.g. , Ref 13) and i.s suitable for the
investigation of nonlinear excitations in quasi-one-
dimensional chains. Moreover, the o model allows for
the difference between the dynamica1 properties of in-
teger and half-integer quantum chains when topological
terms are taken into account.

In terms of spherical components of the Neel vector,

through the simple equation m =5 'v'(a+b)/2 (5 is
the period of a lattice). We set the magnon velocity
c =2SJA equal to unity.

Unlike the previous model, in antiferromagnets the
external magnetic field paralle1 to the anisotropy axis re-
sults only in the precession of the Neel vector and can be
easily accounted for by the stretched derivative of the az-
imuthal variable 4(t) (see, e.g., Ref. 15), 4~4 —tpH,
where coH =2pH is the precession frequency and p is the
magnetic moment.

The classical vacua (8=0,n. ) of the model correspond
to two equivalent orientations of the Neel vector along
the anisotropy axis. It is evident from Eq. (15} that the
magnetic field does not change the classical ground-state
energy of the AFM particle. The quantum corrections
(spin tunneling) remove the degeneracy of the vacuum
and lead to the double splitting of energy levels. ' In
what follows we estimate the influence of the magnetic
field on this effect.

For this purpose let us derive the effective Lagrangian
of a slow (tunneling) degree of freedom 8( t ) by "integrat-
ing out" the fast variable 4(t) (we assume tunneling in
small magnetic particles to be homogeneous). The La-
grangian of the latter, with 8=const, is of the form

hI. = (4—
cpH )

Slrl 8 '
2

2g
(17)

The generalized momentum p+ conjugate to the coordi-
nate 4 equals pz, =sin 8 (4—

AH )/g and the Hamiltoni-
an is

g coasin 8
H~ = p~+

2s1n 8

2
a~sin 8

2g
(18)

The minimum of the energy (18) is attained for
p+ = —coHsin 8/g. More rigorously, because of the mo-
menturn quantization, p+ = n ~H and n
=—[sin 0/g J. But so far as the validity of the model
(15) assumes g «1 (s »1), it is possible to neglect the
effect of quantization for large quantum numbers.

Hence, the quantum corrections induce the additional
term in the Lagrangian of the tunneling degree of free-
dom

2
COB

EI = slrl 8
2g

(19)

Here g '=s/2 (s is a spin on a site in the AFM chain),
8, =2~s, m is the magnon mass which is determined by
the parameters of a microscopic Hamiltonian

H=JQ [S; S;+,+aS S+, —b(S ) J
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The effect caused by Eq. (19) is reduced simply to the re-
normalization of the magnon mass m mH =m
For macroscopic quantum tunneling, this renormaliza-
tion leads to a decrease in the single-instanton action,
So SH=L HIg (L being the length of the chain).
Consequently, the magnetic field enhances the tunneling
rate.

Finally, let us consider the effect of quantum fluctua-
tions of fast variable 4(t) in the presence of a back-
ground magnetic field on the energy of a topological soli-
ton in the anisotropic AFM chain. The simplest soliton
is of the form (Refs. 14 and 16)

seen that the vacuum angle takes the form

COB COB
0, =0, —4~ =2m s —2

gm gP7l
(22)

gEosc —] T (
rI )2

S (23)

As a result, the soliton rest energy acquires an additional
term which oscillates as a function of the magnetic field.
In particular, at low temperatures, T && T
=fiJ&2(a +b ), the oscillating part of the soliton rest en-
ergy is

cos6(x)=tanh(mx) . (20)
where s"=min I

(s' —[s'], ( [s'] —s') ),
flcoH /Tq .

with s'=s

Substituting Eq. (20) into the Lagrangian (15) and (16)
and integrating over the spatial coordinate, one can easily
obtain the desired effective Lagrangian of the fast vari-
able,

0,
LC, = E, + —(4—AH) + (4—AH),

gP7Z 2' (21)

where E, =2m lg is the rest energy of the classical soli-
ton. ' By comparing Eq. (21) with Eq. (4), it is readily
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