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Abstract—The structure of the Bloch point (BP) core (magnetization “hedgehog”) is determined taking into
account the exchange-induced reduction of the length of the magnetization vector. The magnetization mod-
ulus vanishes at the center of a small sphere embracing the BP. The value of energy of such a BP in the vicinity
of the Curie ferromagnetic point in the approximation of the second-order Landau phase transition is lower
than the corresponding energy value calculated in the constant modulus approximation. The stability of the

BP core to radial pulsations is demonstrated.
DOI: 10.1134/S1063784210050245

It is well known that ferromagnetic samples may
exhibit configurations of magnetization M(r) contain-
ing singularities of the form

m(r) = r/r, (D
which are referred to as Bloch points (BPs) or magne-
tization “hedgehogs” [1, 2]. Here, m(r) = M(r)/M, is
the magnetization normalized to its nominal value M,,.
The literature devoted to BPs (mainly in magnetically
uniaxial materials) is available and can be found in the
above-cited monographs. In the case of cubic mag-
netic anisotropy, BPs were detected both at its positive
sign (Fe) [3] and negative sign (YIG) [4]. If we con-
sider modern applied aspects, the displacement of a BP
along the magnetic vortex core is a natural way for mag-
netization reversal in permalloy nanodisks, although it
requires strong constant magnetic fields [5, 6] (it should
be noted that a more admissible practical method has
been developed at present for this purpose; see, for
example, [7]).

In estimating the energy of the core of a BP of type
(1), the leading contribution comes from the exchange
energy, while the remaining contributions taking into
account the mechanisms of BP incorporation into a
certain distribution of magnetization are considered as
corrections [1, 2, 5]. According to estimates obtained
in [1], the minimal value of the BP energy Ezp~ 0.5eV
(0.8 x 10~'? erg) is quite large. Using the well-known
expression (see [2, 5]) for the energy of BP (1),

EY) = 8nAr )
and truncating it at a distance » = Az from the BP cen-
ter, we obtain a still higher energy for moderate values
of exchange hardness A ~ 2 x 1077 erg/cm and the
width Az ~ 5 x 107° cm of the Block domain wall

(DW). These estimates, which are based on the
assumption of constant magnetization magnitude

|m(r)| = 1, disagree with the mechanisms of thermal
excitation of BPs, mentioned by some authors as a
reason for the observed variation in the properties of
domain structures [1].

Here, we pay attention to the fact that the observed
reduction in the magnetization vector length (which is
especially strong near the Curie point) may lead, along
with the known considerable contribution of ultrarapid
magnetization reversal to the process, to another signif-
icant effect, viz., a decrease in the BP energy as com-
pared to the above estimates and to a decrease in its
thermal nucleation threshold.

The exchange energy that makes the main contri-
bution to the BP energy in the vicinity of the core has
the form

EX(r) = I[A(Vm)2+P(1—m2)2]dxdydz an
= 4nPAf(r/A),

f(r/A)

r/A

= J‘[m',(s)2 +2mi(s)/s" + (1 - mf(s))z]Sst. ©-2)
0

Here, A is the exchange hardness appearing in expres-
sion (2), P = Mf] /8%, is the exchange energy density
expressed in terms of the linear susceptibility y, of the
ferromagnetic paraprocess (see [9]), and A = (4/P)'/?

is the length parameter determining the radius of the
BP core (which generally differs from Ap).

Passage from the Cartesian coordinates used in for-
mula (3.1) to spherical coordinates in (3.2) presumes
that the sought solution is spherically symmetric, and
only the radial component of the magnetization vector
differs from zero: m(r) = m(r), my, = my = 0. Isotropic
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exchange energy (3) is degenerate in spatial rotations
of magnetization m(r) — R(0,, ¢,)m(r), where 0,
and @, are constant angles and R is the rotation matrix.
All solutions obtained using the above transformation
from m,(r) = m(r) are equivalent from the energy point
of view. Degeneracy in 6, and ¢, is removed by addi-
tional interactions upon incorporation of a BP into the
magnetic structure.

Relation (3.2) leads to the following equation for
m(r):

2 2 2 2
—(rm)/r+2m/r-2m(1-m”) =0 4.1
with the boundary conditions m(0) = 0, m(r —
w) — 1, where r — r/A. Expression (4.1) defines
two asymptotic forms satisfying the boundary condi-
tions
2
m(r 0) =Cr(1-r/5+...), 5.1)
m(r— o) = 1-2/F + ...

The numerical solution obtained using the method
of shooting from the neighborhood of ¥ = 0 is shown in
Fig. 1 in comparison with asymptotic forms (5.1). It
can be seen that the asymptotic forms successfully
describe the entire domain of existence of m(r).
Parameter C = 0.71565 ... appearing in the first asymp-
totic form in (5.1) was determined numerically. The
figure also shows for comparison the m,(r) curve, viz.,
the circular component of the magnetization of a 2D
vortex (m, = m,= () with state index =1 [1] in cylin-
drical coordinates, which was calculated from the
equation

—(rmy) /r+ mq,/rz—Zm(p(l—mfp) =0, 4.2)
with the boundary conditions
m (r —=0) = Cr(1=r"/4+ ... ,
or—=0) = Cr(l=r/4s ),

mo(r—= ) = 1-1/(4)+..., C, = 0.82475...
Passing to estimation of the BP energy, we use the
asymptotic forms f(r/A — ) — 2r/Ato find the BP
energy E‘;} (r/A — ©) = 8nAr, which coincides with
quantity (2) obtained in the approximation [m(r)| = 1.
On the other hand, using the first asymptotic form in
(5.1), we obtain ES) (/A < 1) = 4nP(1 + 3C?)r/3 in
the opposite limit. Since dE<32,Z /dr > 0 in accordance

with relations (3), E(Bzi), has no extrema. Comparison of
the two energy values using the relation

K(r) = Egp/Egp (6)
shows (see Fig. 1) that k(r) < 1. Thus, the reduction of
the magnetization magnitude in the BP core is advan-
tageous from the energy point of view, and the energy
gain for r/A ~ 3 can reach 50%.

Figure 1 shows that the main variation in m(r) and
k(r) takes place at distances ~ A = (4/P)'/2. It should
be noted that the value of parameter A can be very
small due to a large value of P (weakness of the para-
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Fig. 1. Calculated dependence of the radial component
m,(r) of BP magnetization on radius vector r (solid curve)
together with asymptotic forms (5) (dotted curve); tangen-
tial magnetization m(p(r) of a 2D vortex (left dashed curve)
is shown for comparison. The k() curve describes the ratio
of the BP core energy (3) taking into account the reduction
of the magnetization magnitude to the BP energy (2) dis-
regarding this reduction (dot-and-dash curve).

process); in this case, the continual approach used
here becomes inapplicable. The situation changes,
however, in the vicinity of the Curie point. Energy
density (3) is equivalent (to within a constant) to the
free energy near the second-order Landau phase tran-
sition point in the ferromagnetic region,

F = a(VM)'/2-|a(T)\M +bM", (7)
if we make the following substitutions in relations (3):
m = M/My, My(T) = (ja(T)|/2b)'/*, P=bM;, and A =

ocMé (1)/2, where o is the square of the exchange
length. With allowance for a(7T) = (1 — T/T,)a, (a, > 0),
the exchange length parameter A = (o/a;)/*(1 —
T/T,)~'/? increases significantly. Thus, the continual
approach is justified at least in the temperature range
below the Curie point, in which the classical Landau
theory is valid. It should also be noted that in approx-
imation (7), quantity A coincides with the width of the
linear Zhirnov DW [10] (its existence is advantageous
from the energy point of view in nanoconstrictions in
spintronics [11]).

In conclusion, let us prove the stability of the solu-
tion to Eq. (4.1) for a BP relative to radial pulsations.
For this purpose, we will use the relaxation equation

(which holds near T.) om/dt = —(8 Ep /5m)/(t M}),
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Fig. 2. Position of lower relaxation levels Qpgp and Q}, of
magnetization oscillations in the cores of a BP and a 2D
vortex (segments of horizontal straight lines) relative to the
corresponding potentials Vgp and V) in the linear stability
equations (top); their eigenfunctions are plotted below.
Solid and dashed curves correspond to BP and the 2D vor-
tex, respectively.

where 7 is the longitudinal relaxation time and E(; ,1 is

the BP energy (3.2), which coincides with (4.1) in the
static limit. For small radial perturbations dm(r, 1) =
exp(—w?)dm(r), we arrive at the linear stability equa-
tion

Qdm(r) = — (Fm')/r + Vyp(r)dm(r),
Vep(r) = 2/F +6m(r) -2,
where m(r) denotes the solution to Eq. (4.1), Q =

m'tMg /2P, and stability takes place when Q > 0.

Numerical solution of Eq. (8) with boundary condi-
tions dm(0) = dm(r — o) = 0 gives the lower attenu-
ating relaxation level of radial BP pulsations Qzp =
3.4597 and the corresponding eigenfunction
Omgp(r), which are shown in Fig. 2 by solid curves.

®)

For comparison, let us consider the stability equa-
tion for a two-dimensional vortex (4.2), which differs
from Eq. (8) in the substitutions

(Fom') /¥ — (rém')/r,

SPELL OK

Vap(r) — Vi (r) = 1/F +6my(r) -2,
in which m(r) = m,(r). In this case, the lower level is
Q, = 3.25379 ... . The results for a cylindrical vortex
are represented in Fig. 2 by dashed curves.

The main result of this study is the conclusion con-
cerning a substantial decrease in the energy of the BP
core in the vicinity of the Curie point (see Fig. 1),
which facilitates thermal nucleation of the BP. Positive
values of Qzpand Q, (see Fig. 2) reflect the stability of
the core of a BP (and of a 2D vortex) to radial pulsa-
tions localized in the core region » ~ A. Additional
angular modes of BP oscillations depend on the mag-
netic structure into which a BP is incorporated [12,
13], and the stability of these modes is ensured by the
stability of the external structure.

REFERENCES

1. A. Malozemov and J. Slonczewski, Domain Walls in
Bubble Materials (Academic, New York, 1979; Mir,
Moscow, 1982).

2. A. Hubert and R. Schaefer,
(Springer, Berlin, 2000).

3. V.E. Zubov, G. S. Krinchik, and A. D. Kudakov, Pis’ma
Zh. Eksp. Teor. Fiz. 47, 134 (1988) [JETP Lett. 47, 161
(1988)].

4. Yu. P. Kabanov, L. M. Dedukh, and V. V. Nikitenko,
Pis’ma Zh. Eksp. Teor. Fiz. 49, 551 (1989) [JETP Lett.
49,637 (1989)].

5. A. Thiaville, J. M. Garcia, R. Dittrich, J. Miltat, and
T. Schrefl, Phys. Rev. B 67, 094410 (2003).

6. R. Dittrich, http://magnet.atp.tuwein.ac.at/gallery/
Blochpoint/index.

7. B. Waeyenberge, A. Puzic, H. Stoll, K. W. Chou, et al.,
Nature 444 (7118), 461 (2006).

8. U. Atxitia, O. Chubykalo-Fesenko, J. Walevski, et al.,
arXive: 0904.4399v1.

9. A. Hubert, Theory of Domain Walls in Ordered Media
(Springer, Berlin, 1974; Mir, Moscow, 1977).

10. L. D. Landau and E. M. Lifshitz, Course of Theoretical
Physics, Vol. 8: Electrodynamics of Continuous Media
(Nauka, Moscow, 1982; Pergamon, New York, 1984).

11. N. Kazantseva, R. Wieser, and U. Nowak, arXiv:
0501056v1.

12. Yu. A. Kufaev and E. B. Sonin, Fiz. Tverd. Tela (Lenin-
grad) 30, 3272 (1988) [Sov. Phys. Solid State 30, 1882
(1988)].

13. Yu. A. Kufaev and E. B. Sonin, Zh. Eksp. Teor. Fiz. 95,
1523 (1989) [Sov. Phys. JETP 68, 879 (1989)].

Magnetic Domains

Translated by N. Wadhwa

TECHNICAL PHYSICS Vol. 55 No.5 2010




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
    /RUS ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


