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It is established that magnetic soliton — Bloch point — has quantum properties which are manifested in
the effects of tunneling and above-barrier reflection in a subhelium temperature range. The conditions of

the given phenomena are determined.
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1. INTRODUCTION

Mesoscopic systems realized in uniaxial ferromagnets
with a strong uniaxial magnetic anisotropy are the sub-
ject of scrutiny (see, for example, [1, 2] and references
therein). Among these systems, one can single out the
domain boundaries (DB) and elements of their internal
structure, namely, vertical Bloch lines (VBL) and Bloch
points (BP) [3]. VBL and BP are stable local inhomoge-
neities of DB with the typical size of ~ 102 nm and con-
sidered as the element base in magnetic storage devices
[4]. Moreover, structures like VBL and BP take place in
ferromagnetic nanowires and nanoribbons [5-8], i.e. in
materials promising for application in spintronics.

We should note that from the mathematical point of
view DB, VBL and BP are nonlinear wave formations —
solitons with a certain topology. As a result, state of the
given structures is characterized by the so-called topo-
logical charge (chirality) [3], which determines the turn

of the magnetization vector M in the system center. It
is obvious that because of the nature, this parameter is
degenerate. However, in the low-temperature range, i.e.

T < 1K, splitting along the directions of the vector M
is possible using the under-barrier quantum tunneling.
Quantum fluctuations of this type in DB of different
ferro- and antiferromagnetic materials were considered
in the works [9-12]. Tunneling of a topological charge of
VBL in ultrathin magnetic film was studied in [13].

We note that quantum depinning of DB and VBL
takes place in a subhelium temperature range [14, 15].
At the same time, the aspects conditioned by the point
soliton (BP) nucleation processes [16-18] definitely in-
dicate the presence of quantum properties of the given
element of the DB internal structure. Investigation of
this question for BP in DB of ferromagnets with the
material quality factor (ratio of the magnetic anisotropy
energy to the magnetostatic one) @ >> 1 is the aim of our
work. We will study the quantum effects conditioned by
the interaction of BP with a defect: quantum tunneling
and above-barrier reflection. We will also establish the
realization conditions of these phenomena.

2. QUANTUM TUNNELING OF THE BLOCH
POINT
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We will consider the domain boundary, in which VBL
and Bloch point dividing a Bloch line into two regions
with different signs of a topological charge are the ele-
ments of the internal structure. We will introduce the
Cartesian coordinate system with the origin in the BP
center and direct the OZ-axis along the anisotropy axis,
the OY-axis — along the normal to the DB plane. Based
on the Slonchevsky equations [3], one can show that in
the area of the domain boundary A <r < A, where A is

the DB width, r =+x2+2%, A =A\Q is the typical size

of VBL, distortion of the magnetic structure of the last
BP takes place, and the following “vortex solution” cor-
responds to this distortion [19]:

tgp =2/x, e))

where ¢ = arctg(M,/M:), M., are the components of M .
At the same time, distribution of magnetization along
the OY-axis has a Bloch view: sinf = ch-1(y/A), where 0
is the polar angle in the chosen coordinate system.

We note that the above indicated area is supposed to
be a characteristic scale of BP, since exactly this area of
DB conditions the main contribution into msp=A 2 (y
is the gyromagnetic ratio) — the effective BP mass [19].

Taking into account (1) and assuming that the BP
motion along the DB is self-similar (¢ = ¢p(z — 2o, x), 20 is
the coordinate of the BP center), after some transfor-
mations, the interaction energy between the Bloch point

Wa and the external magnetic field H , =—He, can be

written as follows

o¢
W, =-M Az H dxdz cos¢j
= Myms | dds{cosp o

A<r<A

~ —Mn®AAz H,

Ms is the saturation magnetization of the material.

For the description of the BP dynamic behavior in
the defect field Hq we will use the Lagrangian formal-
ism. Then, based on (2), “potential energy” W(zo) in the

Lagrange function £ =mpp2; / 2 — W(z,) will be rep-

resented in the form
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W(z,)=-M2a*AA d2'(H-H,(2)). ()
0

Expanding Ha(zo) into series near the defect position,
the defect field can be written as

Hd(zo):Hc(l_(zo_d)Z/ZDz) ’ &)
where H. is the coercive force of the defect; d is the co-

2
. H

ordinate of the defect center; D2 = 19 2d
H, oz

; Dis
zy=d

the barrier width.

It is natural to assume that the characteristic change
of the defect field is determined by the size factor of
interacting with it magnetic irregularity. In our case,

&°H P / 62(2) ~H, / A? and, correspondingly, D ~ A. We note

that the above stated proposition about the defect field
also correlates with the results of the work [20] which
imply the dependence of H. on the characteristic size of
DB, VBL or BP.

Then, substituting (4) into (3) and taking into acco-
unt that in the point zo = 0 potential W has a local met-
astable minimum (see Fig. 1), we obtain the following
expression:

2,9-1/2 3
W(z) QMH( N dzgj, )
2 3
where d = A2¢ , ¢€=1—H/H:<< 1 (we consider the va-
lues of the magnetic fields H near H. that substantially
decreases the potential barrier height).

Here, potential W(zo) satisfies the normalization con-
dition W(zo1, 202) =0, where z01=0 and z,, = 3A2¢
are the barrier coordinates. We should also note that
expression (5) corresponds to the model potential used
in the works [14, 15] in the study of the quantum de-
pinning of DB and VBL.

Following the VBL approximation formalism, the BP
tunneling amplitude P will be defined by the formula

P ~ exp(- B),

where B = 2 j' |¢mppldz , 1 is the Plank constant.

WZ,)

Fig. 1 — Interaction potential W(zo) of the Bloch point with the
external magnetic field H and defect field Ha
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After variation of the Lagrange function £ and in-
tegration of the obtained differential equation with the
boundary condition in the point 20=0, 2, >0, t > — oo
that corresponds to the BP pinning on the defect in the
field Hx absence, we determine the BP pulse and, cor-
respondingly, the tunneling exponent

20,2

| \/Wdz . (6)

201

B-2

/]

Taking into consideration (5), expression (6) can be
rewritten as follows

_ 8A'QR)%!
hay,

B (47 M), )

where he = H/8Ms, om = 4ryMs.

Temperature Ter, at which quantum BP motion mode
is actual, follows from the relation T = Wmax/kBB, where
Whax is the maximum value of the potential barrier; kg
is the Boltzmann constant. Then, according to (5) and (7),
we obtain

1/47,1/2
T - e h/ he,, ®)
12k,

Substituting into (7) and (8) parameters correspond-
ing to the uniaxial magnetic films, namely, @ ~ 5-10,
A ~10-%cm, 47Ms ~ (102-103) Gs, H:~ (10-102) Oe [20],
y~ 107 Oe~1s7L, for £~ 10-4-10-2 we obtain B~ 1-30 and
Ter ~ (10_3-10_2) K.

The obtained estimate B < 30 agrees with the corre-
sponding values of the tunneling exponent for magnetic
nanostructures [21] which indicate the possibility of rea-
lization of the given quantum effect. Here, as seen from
the definition of the BP effective mass, in contrast to
the tunneling through the DB defect and VBL, the BP
tunneling is implemented by the “transfer” through the
potential barrier of the whole BP effective mass at once.
The given feature is the consequence of the size factor
of quasi-particles. Thus, the characteristic size of BP is
~ A3, At the same time, the characteristic scales of DB
and VBL are ALyh (Ly is the film length along the OY-
axis; h is the film thickness) and AAh, respectively. It is
clear that in this case overcoming of the potential bar-
rier of DB or VBL requires successive quantum displa-
cements of small regions of the area (for DB) or length
(VBL) of the given nano-objects.

After integration of the equation of BP motion ob-
tained by the variation of the Lagrange function, we
find the instanton trajectories zgp and frequency wo of a
Bloch point which characterize its motion in the space
with the “imagine” time (7 = if): from the point z1 = 0 at

T=—o to the point z, =3Av2¢ at r=0; and back to
the point z1 at 7=+

2pp = 3A~2¢ [ch? (@,7),

9
@, = a)thl/2 (28)1/4/2.

Having determined the BP instanton frequency, we
will consider a question about the correctness of the use
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of the VBL formalism. As known, according to [22], the
usability condition of the VBL method is the fulfillment
of the following inequality:

mh|F|/p® <1, (10)

where p is the pulse; m is the quasi-particle mass; F'is
the force acting on the quasi-particle.

It is obvious that in our case F =myaé , p = mppant,

&~ AV2¢ . Taking into account (9), formula (10) can be
rewritten in the form

hy%)[v}hgl/z (28)75/4 Qfl/A3 <<1. (11)

Substituting into (11) the above specified parameters
(see estimation of expressions (7), (7)), it is easy to make
sure in fulfillment of the given relation that, in turn,
implies the legitimacy of the application of the quasi-
classical approximation to the considered problem.

Now we will evaluate the influence of the dissipation
on the BP tunneling. To this end, we compare the force
F acting on the quasi-particle with the braking force F;,

which in our case is equal to ~ aw,0,AV2emy, , where

a~ 10-3-10-2 is the damping parameter of the magneti-
zation. Then, taking into account the explicit view of F,
we find the following expression:

F|F =2a/h}* (26)"".

Analysis of the last expression shows that Fi/F << 1
at 102< h:< 107! and ¢~ 10-4-10-2. The obtained result
indicates that in the consideration of the BP quantum
tunneling we can neglect the influence of the braking
force in the given materials.

We note that nature of the force F» was studied in
the work [23] and is conditioned by accounting of the
terms of the exchange nature in the Landau-Lifshitz
equation for the ferromagnet magnetization [24].

3. ABOVE-BARRIER REFLECTION OF THE
BLOCH POINT

We have established in the previous Section that
quantum depinning of BP, in contrast to DB and VBL,
is realized by the under-barrier transition at once of the
whole effective mass of the quasi-particle. The given re-
sult implies that the presence of a metastable minimum
in the interaction potential of BP and defect is not nec-
essary. The latter indicates that there is a principal pos-
sibility of realization of the quantum effect of BP above-
barrier reflection. In this case, velocity of BP fall on the
barrier can be conditioned by the pulse of the magnetic
field applied to BP (velocity with which). Obviously, the
effect is most noticeable when the BP energy does not
much exceed the potential barrier height Ub.

Based on formula (2), we write equation of the BP dy-
namics in the pulsed magnetic field Hy(f) = Hoy(1 — t/T)
in the following form:

mpp 0v/0t + F, = i?AAMgH  (t), (12)

v = 0z0/0t is the BP velocity; (1 — t/T) is the Heaviside
function; Ho is the amplitude; 7"is the pulse duration.
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Integrating equation (12) at 7' <t << ofla)ju1 , we find
v(t) = 2MsAAHoT/mpp — the BP velocity upon termina-

tion of the pulse. Correspondingly, the BP energy Esp
in the considered time interval has the view

Epp = mgpv*[2 = 0l T*A’AHZ[32.  (13)

We note that investigation carried out for the time
t<< a’la)jwl (or taking into account the value of the mag-

netization damping wmt << (102-103) allows us to neg-
lect the influence on the process of the braking force Fr,
which in the given case is ~ awmmaspyv.

Assuming that defect is located in the point zo = 0,
by analogy with [25] we write its potential Ug in the form

U, (20) =Uych™(z,/A), (14)

where according to (2) Uo = n2A2AMsH..

Such a view of the potential is not only general but
also agrees with the approach expressed by the formulas
(3)-(5). Indeed, having supplemented (14) with the term

Wy =- 27r2AAZOH , after series expansion of the final

expression in the point Z, = AAr sinh(l/ V2 ) , inflection

point of the function ch-2(zo/A) and potential normaliza-
tion (in the coordinate system with the center at 2, ), we

obtain (5). It is clear that just at z, =2, the defect field

is maximum. Therefore, if quasi-particle overcomes the
barrier in the given point, then the tunneling process
in whole takes place for it. Consideration of the quan-
tum depinning of DB and VBL in the works [14, 15] was
based, in essence, on this fact. Asymptotic of the poten-
tial near its maximum value is actual in our case.

In the framework of the VBL approximation, using
the formalism proposed in [26], we determine the coef-
ficient of the BP above-barrier reflection by the formula

R=e?, (15)

2 26"2 * *
where S = —%Im | dz\/ZmBP (Egp-Uq(2)) s 2015 209
are the roots of the equation Egp — Ua(Zo) = 0.
Expanding into series expression (14) and taking in-
to account (15), we obtain

B = m\J2mup Egphe’ [ 1[U, (16)

here parameter ¢ = (Epp— Uo)/Epp << 1 (we remind that
the case of close values of Egp and Up is considered).
Using (13), formula (16) can be rewritten in the form

B=r(2MH,)" ey 'AQ" [n. an

Substituting into expressions (15) and (17) the corre-
sponding numerical parameters, at & > 5-10-5 we obtain
R <0.1 that agrees with the criterion of applicability of
formula (15) (see in [22, 26]).

We should note that it follows from expressions (15)
and (17) that R — 0 at Up — 0, i.e. we obtain physically
consistent conclusion about disappearance of the above-
barrier reflection effect of the quasi-particle in the po-
tential barrier absence.
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Based on 7 ~ A(mBP/UO)I/2 = AL(MS/HC)V2 Q@ w;} and

the above stated parameters, we determine the charac-
teristic interaction time 7 between the BP and defect as
0.6 < wmt< 2.3. It is easy to see that 7 satisfies relation
oMt < omt ~ 10-102, which in conjunction with the esti-
mate for R indicates the principal possibility of realiza-
tion of the considered quantum effect.

Now we will investigate the question about the cor-
rectness of applicability of the VBL formalism. Since in
our case Epp~ Uy, then conditions of the quasi-classica-
lity of BP and potential barrier coincide, and according
to the work [22] they are reduced to the fulfillment of the
following inequality:

Szo,lmBPUO/h >>1, (18)
where 6z, = A\2(Eyp -U,)/U, ~ AV2e' .

Taking into account the explicit form of U, condi-
tion (18) can be re-written as follows

oA (MH,) Q2 () >>n.

Evaluation of the last expression shows its fulfill-
ment at & > 10-4 that, in fact, is the estimate from be-
low for this parameter.

Critical temperature 7T corresponding to the studied

effect can be defined from simple qualitative considera-
tions. Indeed, process of the BP above-barrier reflection
is equivalent to the quasi-particle fluctuations with the

frequency of v =2A7"JU, /JmBP along the imagine iz-

axis between the points z;, , = +iAe . Since BP motion

REFERENCES

V.V. Volkov, V.A. Bokov, Phys. Solid State 50, 199 (2011).

2. A.B. Shevchenko, G.G. Vlaykov, M.Yu. Barabash, Struktur-
no-razmernye i kvantovye effekty v nanosistemakh s para-
metrom poryadka. Ferromagnitnye i segnetoelektricheskie
materialy (K.: Akademperiodyka: 2013).

3. A. Malozemov, G. Slonzuski, Domennye stenki v materialakh
s tsilindricheskimi magnitnymi domenami (M.: Mir: 1982).

4. A.Konishi, IEEE T. Magn. 19, 1838 (1983).

5. M. Klaui, C.A.F. Vaz, J.A.C. Bland, Appl. Phys. Lett. 85,
5637 (2004).

6. M. Laufenberg, D. Backes, W. Buhrer, Appl. Phys. Lett. 88,
052507 (2004).

7. Y. Nakatani, A. Thiaville, J. Miltat, J. Magn. Magn. Mater.
290-291, 750 (2005).

8. N. Vukadinovic, F. Boust, Phys. Rev. B 78, 184411 (2008).

9. S. Takagi, G. Tatara, Phys. Rev. B 54, 9920 (1996).

10. J. Shibata, S. Takagi, Phys. Rev. B 62, 5719 (2000).

11. E.G. Galkina, B.A. Ivanov, S. Savel’ev, Phys. Rev. B 77,
134425 (2009).

12. B.A. Ivanov, A.K. Kolezhuk, J. Exp. Theor. Phys. Lett. 60,
805 (1994).

13. V.V. Dobrovitski, A.K. Zvezdin, J. Magn. Magn. Mater. 156,

205 (1996).

[y

J. NANO- ELECTRON. PHYS. 6, 04041 (2014)

occurs in the absence of external fields, we have one un-
excited quantum level (n = 0). In this case, BP energy
Egpis not changed and is equal to 7v/2z . Then, equating

Egp to the relation kg7, (ks is the Boltzmann constant),

we obtain

,___ WU ny
“ ﬂkB\/ZmBPA \/§kB

(MgH,

c

Y2 a9

Evaluation of (19) shows that T, ~ (10’3 —10’2) K.

These values of T, are in the same range with the crit-

ical temperatures of quantum depinning of DB and ele-
ments of its internal structure, namely, VBL and BP.
The given fact indicates the importance of accounting
of the quantum properties of BP in the study of the low-
temperature dynamics of DB with the complex internal
structure in ferromagnetic materials. Here, since tun-
neling of BP and its above-barrier reflection occurs in
different magnetic fields, then there is a practical pos-
sibility of the separate study of these effects.

4. CONCLUSIONS

It is established that Bloch point (magnetic soliton)
in the uniaxial ferromagnets in subhelium temperature
range has quantum properties. A principal possibility of
the quantum depinning and above-barrier reflection of
the Bloch point from the defect potential is shown.

Experimental realization of the considered effects can
be the basis for the development of new precision meth-
ods of diagnostics of the internal structure of domain
boundaries in ferromagnetic materials.

14. E.M. Chudnovsky, O. Iglesias, P.C.E. Stamp, Phys. Rev. B
46, 5392 (1992).

15. A.B Shevchenko, Tech. Phys. 52, 1376 (2007).

16. V.F. Lisovsky, Fizika tsilindricheskikh magnitnykh domenov
(M.: Sov. radio: 1979).

17. A. Thiaville, J.M. Garcia, R. Dittrich, Phys. Rev. B 67, 094410
(2003).

18. N. Niedoba, M. Labrune, Eur. Phys. J. B 47, 467 (2005).

19. Yu.A. Kufaev, E.B. Sonin, J. Exp. Theor. Phys. 68, 879 (1994).

20. V.E. Zubov, G.S. Krinchik, S.N. Kuz'menko, J. Exp. Theor.
Phys. Lett. 51, 477 (1994).

21. E.M. Chudnovsky, J. Appl. Phys. 73, 6697 (1993).

22. L.D. Landau, E.M. Lifshitz, Kvantovaya mekhanika (M.:
Nauka: 1989).

23. E.G. Galkina, B.A. Ivanov, V.A. Stephanovich, J. Magn.
Magn. Mater. 118, 373 (1993).

24. V.G. Bar’yakhtar, J. Exp. Theor. Phys. 60, 863 (1984).

25. V.G. Bar’yakhtar, Yu.l. Gorobets, Tsilindricheskie magnit-
nye domeny i ikh reshetki (K.: Naukova dumka: 1988).

26. P.V. Elyutin, V.D. Krivchenkov, Kvantovaya mekhanika
(M.: Nauka: 1976).

04041-4


http://dx.doi.org/10.1134/S1063783408020017
http://dx.doi.org/10.1109/TMAG.1983.1062715
http://dx.doi.org/10.1063/1.1829800
http://dx.doi.org/10.1063/1.1829800
http://dx.doi.org/10.1063/1.2168677
http://dx.doi.org/10.1063/1.2168677
http://dx.doi.org/10.1016/j.jmmm.2004.11.355
http://dx.doi.org/10.1016/j.jmmm.2004.11.355
http://dx.doi.org/10.1103/PhysRevB.78.184411
http://dx.doi.org/10.1103/PhysRevB.54.9920
http://dx.doi.org/10.1103/PhysRevB.62.5719
http://dx.doi.org/10.1103/PhysRevB.77.134425
http://dx.doi.org/10.1103/PhysRevB.77.134425
http://dx.doi.org/10.1016/0304-8853(95)00756-3
http://dx.doi.org/10.1016/0304-8853(95)00756-3
http://dx.doi.org/10.1103/PhysRevB.46.5392
http://dx.doi.org/10.1103/PhysRevB.46.5392
http://dx.doi.org/10.1134/S1063784207100222
http://dx.doi.org/10.1103/PhysRevB.67.094410
http://dx.doi.org/10.1140/epjb/e2005-00353-6
http://dx.doi.org/10.1063/1.352507
http://dx.doi.org/10.1016/0304-8853(93)90441-4
http://dx.doi.org/10.1016/0304-8853(93)90441-4

