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Bloch walls in a nickel single crystal
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We present a consistent theory for the dependence of the magnetic structure in bulk samples on external
static magnetic fields and corresponding experimental results. We applied the theory of micromagnetism to this
crystal and calculated the Bloch wall thickness as a function of external magnetic fields. The theoretical results
agree well with the experimental data, so that the Bloch wall thicknesgdfGx 71° nickel single crystal was
definitely determined with some hundred of hanometer.
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[. INTRODUCTION bulk of samples are neutrons due to their electric neutrality
and their magnetic momenty which interacts with mag-

Ferromagneti¢crystalling materials such as iron, nickel, netic fields. Therefore, the spin dependent refraction of un-
and cobalt show in small regiorf§Veiss domainsa sponta- polarized neutrons by these Bloch walls is an already well
neous magnetization, whereas these domains are randonfiptablished and reliable method to investigate their thickness
distributed over the whole crystal. Applying a small external@s @ sensitive parameter if the system reaches its state of
magnetic field to the sample the randomly orientated dominimum energy. The angles of refraction are extremely
mains tend to align towards each other to minimize the totapmall (sec of arg, so they can only be observed with a high
energy. To reach this minimum state, different competingesolution double crystal diffractomettsee below. The in-
energies force the system to build up magnetic domains, e.gi€grated intensities of the refracted neutrons are proportional
to reduce stray field energy and to bring the atomic spins intd® the thickness of the Bloch wall and can be determined
“easy” directions of magnetizatiof.* quite accurately.

The study of ferromagnetic domains is of principle inter- In the second part we present our theoretical results on
est, especially the interaction between external macroscopffis subject. In the third part the experimental setup and the
forces (pressure, tension, torsipmnd the magnetism of a Measurements are given. In the fourth part we discuss some
sample. Obviously there is no common known universaPpplications and give the results.
guantum theory of ferromagnetism which describes suffi-
ciently well and in general terms all effects of micromag- Il. THEORY OF MICROMAGNETISM APPLIED TO A
netism and macromagnetism. The theory of micromag- (110 71° NICKEL SINGLE CRYSTAL
netism, however, is accurate enough to reproduce the

behavior of magnetic materials, their magnetism, and the9 The theory of micromagnetisrtfor details see Refs. 7,
magnetic structure inside of a ferromagnetic sample. It en: —1J is a phenomenological theory which describes the be-

ables the inclusion of a number of different energy contribu-ggxl'\?ere?]f ;?gﬁ:gaggﬁé'ec ;?g;g?llgn?gt e"’;naggeggggﬁtse ifale
tions and the calculation of the magnetic structure of asome hundred micrometer. This scale is small enough to re-
sample. For nickel crystals, e.g., there exist only a few the:- : o o 1oug

eal details of transition regions between domains and yet

oretical studies and experiments on magnetic domains iar e enough to permit the use of a continuous magnetization
bulk sample€:® mainly due to the lack of suitable samples '&'9 gntop 9
vector |. For a constant temperature and far off from the

and due to the experimental difficulties. They are manifold.c . intl<. th itude of b dtob
On the one hand there is a radiation which mainly interacts urie pointls, the magnitude of, can be assumed to be

with the bulk magnetism of the sample and, on the Othe'constant.l Is defined as

hand, one can hardly deduce the interior magnetic structure 3

from surface o_bservations as wi_th Bitter pattern technique or I=lga(r), 2 ai2= 1, (1)
Kerr effect microscopy. Especially the latter method has =1

. . 7
been perfectly applied to image surface SUructuréfow-  \ here thew,'s are the direction cosines of the magnetization.
ever, there remains the uncertainty of the inner magnetig .aiculate the minimum of the totéfree) energy of the

structure in the bulk of a sample. The past surface observas siem and furthermore the Bloch wall thickness one has to
tions of nickel crystals were performed very extensively bygq e the variation problem

Schwink and Spreehwho developed some ideas of the in-
ner domain structure 100 and (110 nickel single crys- SAf(eatextey )dV+Es+ELg=0, (2
tals. These authors and other grotfp$carried out experi- :
mental works on the Bloch wall structures in the last yeargVith the constraint
for iron and nickel and reported different values for the 3
Bloch walls’ thicknesses. 2 a2=1.

The best radiation to investigate magnetic structures in the =
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X<110> 7, <001> the angles¢, and ¢, corresponding to the two alternating
directions of the magnetization in the adjacent domains, one
has to solve a boundary condition problem by minimizing
the energy density contributions in the domains. Whereas the
values for¢, and ¢, remain almost unchanged under differ-
ent external conditions and stay equal dq=0° and ¢,
Q =180°, the value ford, strongly depends on the external
Y<110> conditions, i.e., fundamentally on the magnitude of the ex-
ternal magnetic fieldd, .

<111> In the presence of such an additional external field the
actual constant anglé, does not necessarily correspond to
the energy density minimum. The path lofrom one easy
direction to the other may slightly differ from the path wigh
kept fixed and equal t@,. It is thus possible to find the
In Eq. (2) the following energy density contributions are yajye of the angle) between the magnetization vectoand
taken into account: The exchange energy densjty the  the crystal axis corresponding to the actual minimum by ex-
crystalline energy density for a cubic crys@t, and the panding the variational equatid@) around the anglé, and
magnetostatic energy densigy,_, whereH, is the external  py selving Euler's equation as proposed byribg.}? These
magnetic field. The other energy contributions, i.e., the stragorrections lead to small contributions, even for the stray
field energyEg and the magnetostrictive enerBy,s, contain  field energy density. With this treatment one can calculate the
in general the contribution of the whole sample, thereforeotal energyE,,;, which is necessary to describe the rotation
one has to integrate over the total volume. For special probsf I, and the Bloch wall thickness.
lems (for instance, one-dimensional plane Bloch walls as in  For the special case of tRg@10 71° nickel single crystal
our casg the stray field energy and the magnetostrictiveone calculates first with the zero order of the expanéog.,
energy can also be written as local energy densiégs 6= 6,) the energy contained in the Bloch wall per surface

<111>

FIG. 1. Crystal directions of th€l10 nickel crystal(see also
Fig. 2.

andepe. unit (in J/n7) to be

To apply the theory of micromagnetism we consider the
well known system of 4110 71° nickel single crystal. This _ . j% o
choice does not restrict our calculations to this system but Eo=2\Asin ¢a[(ek( %0, bo) ~€x)

the results can directly be proved by experimental data. N
Nickel has a body-centered cubic crystal structure and with- +emd 00, ¢0) 1V d e, 3
out the influence of external forces or fields {id1) direc- whereA is the exchange constant agg(y) the zero order

tions of easy magnetization correspond to a minimum crys- L .
, . : ) for th . The Bloch wall thick
talline energyex. Depending on the orientation of the approximation for the patib(y) e Bloch wall thickness

; ; S th
crystal axis there are different possibilities for the angles en reads

between the directions of easy magnetization. The0-
direction of the crystal axis corresponds in our case to the _
y-axis and the anglé,~35,3° is the angle between the easy - \/[eK(00a¢W) — ]+ emd 0o, dw) ’
direction and the crystal axis. This type of Bloch wall is
abbreviated a$110 71° Bloch wall, where the 71° stands
for 26, (see Fig. 1 The energy density contributions can be where ¢,y is the point of inflection of the functiomby(y),
calculated according to Hub&ttor Hubert and ScHar.’ which is here very close tar/2. Equations(3) and (4) are
The magnetization vectdrrotates within the Bloch wall identical with the expressions proposed by HubeRollow-
keeping the angl®, nearly constant by altering only and  ing further Daing'?it is possible to use a higher order in the
avoiding stray fields by taking this path. This kind of rotation expansion around, with the help of the small expansion
is realized in most ferromagnetic materials, because it leadsarametein defined below. Then one obtains the energy of
to less total energy. To determine the constant adgland  the Bloch wall per unit of the surface

mVAsin g,

4

1(36K) cosb, . 2
(5 — u=0_ 5z 00[eK(00,¢o)—eK+em490,¢o)]>

A e
E1=)\—Sin00 f¢ d¢o
Ky a \/[eK( 0o, b0) — g1+ emd 0, do)

2AN [ [ e 1 | dems _
B tanao[fa(h_Fz_K]_( u ) )\/[eK(001¢O)_eK]+em400,¢0)d¢o]

u=0
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whereK is the crystalline energy constant. Furthermore we We use the spin dependent refraction of unpolarized neu-

used the abbreviatioh=—H,I/2K,, the parametern

trons by Bloch walls. Neutrons experience a potential jump

=— Kl,u,0/27TI§, where u, is the magnetic field constant, if they enter a region of uniform magnetizati@n depending
and u=cos#—cosé,. The Bloch wall thickness can be ob- on the spin states parallel or antiparallel with respecBto
tained by taking the first order of the expansion and replacThe boundary conditions are the continuity of the wave func-

ing in Eqg. (4) the constant angled, by the angle 6,y

tion at the entrance point on the surface of the cry&ater-

= 6,(¢w), Whered,; designates the higher order term in the ing into the first domain, see Figs. 2 angd Bue to the fact

expansion off around the constant angty .

Ill. METHOD OF MEASUREMENT AND EXPERIMENTAL
SETUP

A. Method

The interaction of neutrons with magnetic materials is de
scribed by the Hamiltonian operathir applied to the system

under investigation:

o1
A=5-p*+V()-uB, (6)

wherep is the momentum of the neutrok(r) the nuclear
interaction potentialu the magnetic moment, anB the

that the nuclear potential in the crystal is constant, only the
magnetic potential jump has to be calculated if a neutron
traverses the Bloch wall, i.e., if the neutron passes from one
magnetic domain into the other. The Bloch wall itself sepa-
rates two differently orientate®’s and is supposed to be
“thin” in the sense thatw= w, , Wwherew equals the effective

rotation frequency oB the neutron experiences if it passes

the Bloch wall andw, is the Larmor frequency of the neu-
tron. The solution of Eq(8) for the total system yields the
transmission probabilities of a neutron whi¢d) enters a
magnetic domain in the crystalp) traverses a Bloch wall,
(c) enters the adjacent domain, af@] leaves the crystal at
the exit surfacdFig. 2) (for a detailed description see Refs.
6, 8. The transmitted intensity depends on the wavelength of
the neutron\, the saturation magnetization of nick®l, the

magnetic induction. The neutron experiences a constant ifind!€ 6o (see aboveand the thicknesd of the Bloch wall.

teraction potential if it passes the magnetic material, ther

fore one can use the time independent Sdimger equation
to calculate its behavior in the system

Hy(r)=Ey(r) (7)
or
2 2 2m
(V2K ¢(r) = 27 [V(1) + gy o Bly(r) =0 (8)

with ko=vacuum wave vector of the neutrég=2=/\ and
o=Pauli spin matrices.

o) By

.-

<110>

g
Neutrons

FIG. 2. The two adjacent magnetic domaiBg and B, are
separated by a Bloch wall,, , i.e., a region where the inductidh

rotates fromB,, to B,y . 6, means the angle between the induction

B with respect to crystal axi§/ direction in Fig. 2.

e\ﬁce versa, the Bloch wall thickned#, can be determined

by measuring the transmitted refracted intensity of neutrons.
If the neutron passes a Bloch wall its wave vectors for spin
parallel and spin antiparallel relative Bxchange their direc-
tion and so the flight direction. Therefore the neutrons with
spin up and down have different directions if they exit the
crystal, indicated by the angles, and a_ (Fig. 3). These
angles are of the order of sec of arc which only can be
detected as satellites of a main peak with a high resolution
double crystal diffractometgiDCD). The integrated intensi-
ties of these satellites for a given angle of incideacand
refraction anglesy, and o are proportional to the trans-
mission probabilities of neutrons which traverse a Bloch wall

B, ¢
» A &
Bloch wall
O0<W <

FIG. 3. Spin splitting due tdpartia) refraction of unpolarized
neutrons by a Bloch wall.
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d =219 um, 6, = 31.6°, 1 = 2mT

0.20
a
Q
5 g
3 015 -
g !
Fg \Wﬂﬂ
°
]
& 0.10 -
: D@
qi Detector “_'i . Sample with magnet
"% 0.05 - s Analysator
B
=
0.00 FIG. 5. The double crystal diffractomet¢dDCD) E8 at the

0 20 40 60 80 100 120 140 160 BER Il reactor at the Hahn—Meitner-Institute Berlin. Monochro-
mator and analyzer are perfect Si crysté®20 symmetrical reflec-

Glancing angle o (min of arc) tion; mean wavelength =0.268(1) nm.

FIG. 4. Transmitted refracted intensity; as a function of the ] o . ] o
glancing anglex for different Bloch wall thicknessed/, . Note the  define the incident beam direction onto the Bloch wall within

behavior of the transmitted intensity for glancing angles larger tharthe desired accuracy and to avoid smearing effects that oc-

90'. curs as a result of a too large variation of the glancing angles
(see Fig. 4.

with the thicknessw, . Measuring different transmission 10 get an ordered and defined system of Bloch walls a

probabilities for different angles of incidence one gets a Small magnetic field (27 mT) was applied to the nickel

curve representing the transmission curve for a certain Bloc2Mple yielding a nearly parallel orientation of the Bloch

wall thicknessw, . walls to each other. The parallel position of the Bloch walls

Figure 4 shows an example for the transmitted intensit)felaﬁve to the incident neutro_n beam was found by rotating
.o @s a function ofw, =300 nm untilW, =600 nm for a f[he Bloch walls around an axis perpendicular to t_he_ scatter-
calculated9,=31.6°, a neutron wavelength=0.268nm N9 plane_vyhereas the analyzer crystal was kept in its maxi-
and domain widttb=219um. As can be seen, the fraction MUM position of the rocking curve. If the Bloch yvalls are
of the total refracted intensity decreases rapidly for smalParallel to the neutron beamu(,_~0), no refraction oc-
glancing angles. However, to distinguish different Bloch wall CUrS- If « increasessee Figs. 3, jthe part of the neutron

thicknesses one has to use glancing angldsetween 30 beam which hits the wall increases and more neutrons are
—90'. For glancing angles:>90' the transmission prob- refracted. Due to the deviation from the initial flight direc-

ability of neutrons becomes nearly independent Vi . tion the neutrons are not reflected by the analyzer crystal.
These facts show the problem of measurifig with a suf- The measured intensity decreases. As the refraction angle
ficient degree of accuracy allowing an uncertainty of only a®+.- décreases with increasing both refracted peaks come

few percent. The smaller the glancing angle is the smaller thE/0Ser to the main peak until they cannot be distinguished

refracted intensity becomes, which is already very low due tdfom €ach other. The reflected intensity increases with in-
the use of a high resolution DCD. creasinga again until it reaches an intensity which is of a

similar intensity of the parallel position of the Bloch walls to
the neutron beam. In that case the angles of refraction
B. Experimental setup are too small to be distinguished from the incident position.

To measure the spin dependent refraction of unpolarized The parallel position of the Bloch wall with respect to the
neutrons we used the high angular resolution DCD E8 of thahcident neutron beam is found py fitting a suitable function
Hahn-Meitner-InstitutFig. 5). The DCD consists of a pair of Symmetric to the measured points aroume-0. Then the
perfect crystal{Si, (220) symmetric reflection One crystal angle of mmdencez can be assymed with an accuracy better
acting as monochromatdin the neutron guide the other as  than 5 min of arc. The experiments are perfornie by
analyzer crystal. The analyzer is placed in a polyethylené@tting different static magnetic fields to the sample énd
shielding to suppress background radiation and to keep thy Setting differenta and measuring the refracted intensity
crystal at a constant temperature. The entrance and the exipder these well-defined conditions.
windows are covered with thin Al sheets. The angular step-
ping resolution of the ar]alyzer rotation stage is bette( than a IV. EXPERIMENTAL RESULTS
0.1 sec of arc, because it guarantees a smooth scanning of the
rocking curve. The nickel sample was placed outside the The nickel single crystal used for the investigations was
concrete shielding between the two crystdfsg. 5 on a  produced by the MSG-Metallschmelz-GmbH and is de-
special rotation stage. In front of the sample a soller collimascribed in detail in Ref. 8. It has a length of 76 mmiri0)
tor reduces the beam divergence down to 10 min of arc tdy direction, a width of 9,2 mm(z direction), and a height of
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TABLE II. The energy per surface unit and the Bloch wall thick-
ness in dependence on the external magnetic field in zero and first
order of the expansion in.

I [mT] Eoleq WY [nm] E,leq W [nm]

1 1,179 460,8 1,195 453,7

2 1,125 449,1 1,111 4421

3 1,038 439,8 1,024 431,3

4 0,949 431,3 0,935 4211

FIG. 6. Bloch walls and domains observed on the surface of a 5 0,829 4244 0,843 411,3
nickel single crystal by Bitter technique, displayed length-i50 6 0,765 416,5 0,749 401,5
mm. 7 0,671 409,9 0,655 3915

13,2 mm(x direction. We took experimental data for the
magnetic constants from literature. The values for the magthe rotation and the Bloch wall thickness decreases.
netization of saturatiohs and the crystalline anisotropy con-  To verify these theoretical predictions an extensive series
stantskK; and K, (at room temperatujeare from Ref. 13: 0f measurements have been performed to determine with
1s=0,62 T,K,;=—5700 J/m, and K,=—2300 J/m. The high accuracy the intensity of refracted and unrefracted neu-
value forK is very similar to the one given in Ref. 14 and trons for various glancing angles The intensity ratio of the
to the data in Ref. 10. The exchange constfamndK, are refracted and the unrefracted beams is proportional to the
related to each other. Her® estimated the exchange constantBloch wall thicknessW, . For a given external magnetic
A to be smaller than 1,3 10° J/m or smaller than 7,8 field we obtained a series of data in dependence of the glanc-
10~ J/m, depending on the expression derived by thdnd angle« and observed a certain dependence of refracted
theory of micromagnetism. In this paper we used for neutrons on the external magnetic field strengte Fig. T:
=1,3 10 19 J. One still has to add the expansion parametefhe larger the external field, the smaller is the intensity of the
A=0.00297 formally introduced, which is indeed a smallrefracted neutrons. _
parameter for nickel. To go more into the details we show a set of curves for
To control the regular alignment of the Bloch walls we different external magnetic fields in Figs. 4a8 and &b).
used the Bitter pattern technique and applied external mag- The theoretical curves were calculated with the quantum-
netic fields between 2 and 7 n$ee Fig. 6. For smaller or Mechanical AnsatZ. For the passage of unpolarlzed. neu-
higher magnetic fields, these structures become indistindfons through a Bloch wall, we used the treatment given in
and disappear completely for the saturation magnetization dRef. 8 [solution of Schrdinger's equation for a neutron
about 30 mT. The optimal range can be studied even morgPinor in an external magnetic field, see E&}]. The bends
precisely by neutron scattering. In Table | the results of thdn the curves atv~90" correspond to the passage through
calculation of the boundary condition problem are given.two or more Bloch walls. The experimental data are com-
From these calculations one obtains the constant amgie pared with different Bloch wall thicknesses denoted on the

the domains. right-hand side of the figures.
The energy contained in the Bloch wall per unit surface
and the Bloch wall thicknesd/, can be calculated from the V. DISCUSSION OF THE RESULTS

lowest order of the expansion in[see Eqgs(3) and(4)]—
corresponding to the method described by Huertor up
to the first order i\ as given by Eq(5) (see Table Ii. This
means that with an increasing external magnetic field the

In this work we present the first precise calculations and
measurements of the Bloch wall thickness of a nickel single

angle 6, between the magnetization vector and the crystal 02
axis decreases and in the same way the energy necessary for ‘ ‘ ‘ ‘
L A
TABLE I. The calculated anglé®, in the domains for different § rol e2ml | 1 Coa
values of the external magnetic fietitl, . 2 L | a4mT | ; :
o 00T g [ T . v
H, [A/m] I [mT] 6o :5 1 : ot .
] v
796 1 33,3° R e
1592 2 31,5°
2397 3 29,7° 0,00 B S .
3183 4 27,9° 0 20 40 60 80 100
3979 S 26,2° Glancing angle o [min of arc]
4775 6 24,4°
5570 7 22,5° FIG. 7. The intensity of refracted neutrons in dependence of the

glancing anglex on different external magnetic fieldmT].
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d =200um, 6, =28°1=4mT Nevertheless we have to mention the experimental diffi-
culties involved in the measurement of refracted neutrons at

@ 025 glancing anglesy less than 90(where different Bloch wall

= thickness can be distinguishedHowever, the precision of

§ 020 the experimental data is sufficient for an improved and very

2 reliable determination of the Bloch wall thickned#, is of

g 9157 the order of some hundreds of nanometers which is in agree-

£ ment with former published valué8.

o 9107 There are other restrictions which should be overcome to

2 yield a much better accurate value \of_ . They all are re-

g 0.05 1 lated to the fact, that the intensity of the refracted neutrons

% depends not only on the Bloch wall thickness, but also on

~ 000 other parameters which cannot yet be sufficiently controlled.
0 One parameter is the domain sidelt is very difficult to

(@) Glancing angle o [min of arc] exactly reproduce this domain size after a readjustment of
the double crystal diffractometer. The measurements pre-
sented in this paper were obtained within nearly two years,
taking up several reactor cycles. Due to the broad state of
minimum energy the domain sizkis not necessarily always
the same, even if one applies the same external magnetic
fieldl” Another parameter is the value of the constant
which up to now is not accurate enough, and the argle
which strongly determines the absolute height and slope of
the calculated curves. It is related to the boundary condition
problem and corresponds to a minimum of the free energy.
As far as micromagnetism is a reliable model, there is no
reason why this value should not be a stable solution. Finally,
the nickel sample we used for all investigations is misori-
ented by approximately 15° against the crystal axis, e.g., the
Bloch walls are not parallel to the crystal surface. From the
0 50 100 150 theoretical point of view one should include this effect into
{b) Glancing angle o (minarc) the calculation, generalizing it for a two-dimensional wall.
But such a generalization is a very complex project. As the
FIG. 8. (a), (b) The normalized intensity of refracted neutrons as condition G( 6y, ¢,) = G( 6y, $.) =G.. is no longer fulfilled,
a function of the glancing angle for magnetic fields of 4and 7mT  the Bloch walls can move. This was checked but we never
with the corresponding domain sizdsand angleg, . observed such a motion experimentally. However, such an
extreme slow motion cannot be so far fully ruled out. The
crystal for given experimental parameters. The theoreticahresented theory together with these series of experiments
approach includes external magnetic forces, and the meahow, to date, the best agreement of experimental results
surements are described in detail. This work sums up the begfith the theoretical predictions obtained from the theory of
experimental studies and accomplishes a series of measufigicromagnetism.
ments started in Ref. 16. The quantum mechanic description
of the interaction of neutrons with Bloch walls agrees well
with the predictions of the Bloch wall thickness obtained by ACKNOWLEDGMENTS
the theory of micromagnetism. The experimental points con-
firm the QM treatment within the experimental error bars. This work was supported by the BMBF Project No. 03-
The experimental data follow the theoretical functions evenTR5TFH and by the TFH-Hypatia Program. The authors
in the case of the passage through two or more Bloch wallswvish to thank Misera and Scfea for fruitful discussions,
Up to now these results are the most reliable data for Bloclsuggestions and for the help studying the surface of the
walls in bulk nickel crystals. crystal.
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