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Domain structure dynamics of amorphous Fe  4,C0,,B;5 and Co ;B3 ribbons
studied by three-dimensional neutron depolarization
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Relaxation phenomena related to domain structure dynamics in amorphous ferromagnetic
Fe;,Co,1Bis, and Ce/B,; samples were studied by time-resolved three-dimensional neutron
depolarization and a conventional magnetic induction technique. Different initial domain structures
were induced either by applying external stresses or by stress annealing. A theoretical model was
developed to describe the observed time dependence of neutron depolarization upon passage
through such samples. It is shown that the domain structure approaches the equilibrium state with
stable domain wall positions at a rate that depends essentially both on the sample composition and
on the induced magnetic anisotropy. 99 American Institute of Physics.
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I. INTRODUCTION effects in a series of amorphous alloys without requiring an

. . - . ac magnetic field to be applied during the relaxation process.
__The reversible _relaxatlon of the |n|t|a_1l magnetic perme- ., yhis"\work we present results obtained by time-resolved
ﬁ]b;'tgr:\]:tisL;;C;Z?J'r(;?ezfSz;;&galgnnoe\;;ﬁ ggT;e'?nfégjk;:urethree-dimensiona(lSD)—neutron depolarization in amorphous
: . i . - ferromagnetic ribbons of B.s and Cg;B,s. In order
ity aftereffect” or “disaccommodation) is a characteristic 9 601515 G7523

. : to detect magnetic flux variations, which are associated with
feature of soft ferromagnetic amorphous alloys, which can b

observed over a wide temperature range. Disaccommodati omain structure changes simple voltage induction measure-
v M wi peratu ge. bi 'Fents were performed simultaneously in the same samples.

ha}s b(:en t§tud|ed b?]th ttheEJlr%etlcally ‘Td ?xperlmﬁrlltally fo'ro\ simple theoretical model was developed to interpret the
relaxation imes as short as 1Us as well as for much farger experimental results. It will be shown that the observed re-

Emei by rr:eans otfhthe ;gnverxlonal |mpu|IS|\;etrfechnt|hl?e.l laxation effects are related to the nucleation and dissipative
or times longer than s after removal of the externa hplanar motion of domain walls.

magnetic field, the reversible decay of the permeability wit

a quasilogarithmic behavior could be interpreted as being of

diffusive type, originating from thermally activated pro-

cesses of directional ordering of atoms or atomic groups withl. NEUTRON DEPOLARIZATION

broadly distributed activation energi&$.For times shorter

than 103 s (10 °<t<10 3 s), in a sample exposed to a : ) e

200 MPa external stress, Allit al. observed a fast magnetic St”‘?'y the magnetlc domain structu_re within the bulk of mag-
netic materials and not only at their surface. In a ND experi-

relaxation effect, represented by a quasiexponential o
decay?5® This fast decay could not be attributed to pro- ment one records the change of the polarization vector of a

cesses with a single, well-defined activation energy becaus%danzed neutron beam upon transmission through a mag-

the measured decay time constant was essentially indepeggticgltl)y grdereﬁ sam”p Ig.hNDbin ferromagnetic mggiarl]gan be
dent of temperature. This rapid relaxation was explained by escribed equally well either by a scattering approachby

change of the number of actively moving domain walls a semiclassical spin rotation formalisSthWe restrict our
However, there is still a lack of convincing experiments tc;consideration in what follows to the latter. It is based essen-
account for such a domain pattern change during this ret_ially on the Larmor precession of the polarization vedeor
duced time scale upon neutron passage through a region of uniform magnetic
Neutron depolarizatiofND) is a powerful technique to field B according to the equation of motion

investigate both static and dynamic magnetic structures of gp
bulk materials in the micron and submicron regioRUsing gt~ YP*B. 1)
this technique Sinneckast al1%!! could observe relaxation

wherey=—1.833x 1(® rad/s T is the gyromagnetic ratio of
dpermanent address: Instituto désia, Universidade Federal do Rio de the neu.tror?' Sln.ce. the magmtuQe and direction Of.the local
Janeiro, Caixa Postal 68528, CEP:21945-970 Rio de Janeiro, Brasil. ~magnetization within each domain of a ferromagnet'_c .s_ample
YElectronic mail: sato@pop.xphys.tuwien.ac.at can be assumed to be constant, the change of the initial neu-

Neutron depolarizatiofND) is a powerful technique to
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tron polarization vectoiP(0) passing through a single do- in the direction of the domain magnetization ane y|Bg| is
main of thicknessl, can be described by the relation the Larmor precession frequency, which is assumed to be the
same in all domains due to their identical saturation induc-
tion Bs. The matrixD, is a pure rotation matrix |@etD,
wheret,=d, /v is the transmission time of a neutron with |=1) which can be expressed in terms of the magnetization
velocity v through that particular domaim, is a unit vector direction cosines as

P(ty) = Dy(ny, ot ) P(0), (2

Dy(ny, wty)
l—(l—cosmk)(l—nﬁx) (1—cos wty) NNy — N~ Ny Sinoty,  (1—Cos wty) NNy, Ny SiN oty
=| (1—cos wt,) NNy + Ny, Sin oty 1—(1—c05wtk)(1—n§y) (1—cos wty) NN~ Ny SiN oty | (3)
(1—COS wty) NNy~ Ny SN @ty (1—COS wty) Ny Ny, + Ny SIN Wty 1—(1—coswty)(1—n2)

Since for thermal neutrons the domain wall thickné&§sin ments arises from the fact that even for completely isotropic
all ferromagnetic materials is negligible compared to the disdomain structures the depolarization effect is intrinsically
tance necessary for one full Larmor rotation, the transition ofnisotropict? In that respect the recently proposed tensorial
the neutron polarization vector from one domain to the nexneutron magnetic tomograptiyprobably might become an
occurs almost completely nonadiabatically, i.e., without anyimportant extension of the *“classical” depolarization
significant change of its orientation. Consequently, the nemethod.

effect of N domains sequentially traversed by an infinitely Evidently, to measure all nine elemenB;; (i,]

thin neutron beam can be described as a produ®t ofta- =x,y,z) of the 3X 3 depolarization matrid an experimen-
tion matrices of the type of Ed3), which is still of purely tal setup is required where the polarization of the incident
rotational character. neutron beam can be oriented successively in any of the three

However, averaging over many trajectories distributed atlirections of space and where also all three components of
random across the beam area yields the so-called depolariziie final polarization vector after transmission through the
tion matrix sample can be analyzed separately. Here the indiegsl |

refer to the respective polarization orientation before and the
N analyzed polarization component behind the sample. The
D= nl;[l Dn (4 concept of “dynamical” neutron depolarization is to record
the elements oD via a multichannel counter data acquisition
which in general is not a pure rotation matrixétD<1|).8 system as a furjction of time after some'periodic excitation of
ThereN=L/(d;) is the mean number of domains traversegthe sqmple. This allows to _study relaxation _phenor_nena of the
by the individual neutron trajectories and the brackets denoté®main structure at real-time scales ranging typically from
the average over the neutron beam cross section. The degré@Me microseconds to several hours.
of depolarization of the beam then depends crucially on the
complexity Qf the_ domain s_tructure and the thickness of t_hq”_ EXPERIMENTAL
sample. While spin precessions around the locally fluctuating
magnetic induction lead to an effective depolarization, i.e.,to 3D dynamical neutron depolarization experiments were
a reduction of the length of the polarization vectdP ( performed using the crystal polarimeter setup at the 250 kW
|<1), the mean magnetization of the sample merely causesERIGA reactor of the Atomic Institute of the University of
rotation of P. Technology Vienna, which is shown schematically in Fig. 1.

Assuming statistical independence between neighboringhe incident beam with a mean wavelengt 0.16 nm and
domains, Rekveldf could formulate a theoretical depolar- a relative monochromaticitA\/x~1.5% propagates along
ization matrix of a multidomain ferromagnetic specimen inthe + ¢ direction. It is polarized in+Z direction by Bragg
terms of the mean square direction cosite$), (nf,), (n?)  reflection at a magnetized Heusler-alloy ¢@mAl) crystal
of the domain magnetization, the mean reduced inductiomnd confined to a diameter of 1 cm by a Cd diaphragm. The
m=(B,)/Bs of the sample, and the quantiB? (d,). The sample ribbon is mounted inside of a specially designed
reverse procedure, namely to derive these essential domasample holder that allows the application of both a pulsed
structure parameters from the experimentally measured dérvomogeneous magnetic field and a static mechanical stress
polarization matrix, is possible only if the average domainalong the ribbon axisZ direction. The ribbon plane was
size {(d,) is small enough to fulfill the conditiom{d,)/v  oriented perpendicular to the beam, i.e., coinciding with the
=qr. For correlated domain structures the situation is muctkz plane. An additional compensated pick-up coil system
more complicated, however, and no generally applicablewound around the sample region serves to detect any signals
recipe-like procedure exists to invert the experimental datathat are induced by the sample’s magnetic response on the
Another major complication in interpreting ND measure- discontinuously applied field. The central part of the sample
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FROM REACTOR TABLE |. Sample characteristics.
| SAMPLE RIBBON
I SPIN SEPLERODER MAGNETIC SHIELD Sample Cross sectigim?®) Magnetostrictiorh Length(cm)
FLPPER ANALYZER Fe5,C0B1s 2.8x10°7 36.1x10°¢ 50
. Co;7Bys 2.1x1077 —3.6x10°°® 50
'
POLARIZER sen b | | SPIN _ _
TURNER 1 TURNER 2 I and OFF thus allowed to record successively the time evo-
z lution of all nine elements of the depolarization matrix.
WEIGHT All our samples were melt-spun amorphous ribbons,
DETECTOR kindly supplied by the Slovakian Academy of Sciences in
Y Bratislava, as part of the PECO joint program. The compo-
X sitions and the characteristics of the samples are given in

, , o Table I. Depolarization measurements as a function of time
FIG. 1. Schematic drawing of the depolarization setup at the 250 kW re- ied for FeCo,-B d Ca-B | I
search reactor in Vienna. were carried for FeCo,,B;5 and Cq7B,; samples, as well
as for the empty sample holder, i.e., without sample but with
applied pulsed magnetic field. The measurements were per-
formed with and without external stresg €0, 87, and 199

holder is placed within a soft-magnetic iron culvéth prop- MPa), which was applied along the samples’ longitudinal

erly arranged holes at the beam entrance and exit and also f8§<is by a weight clamped to its lower lying end

the extended parts of the sample hojdarorder to suppress One Fg,C0,,B,s sample, which had been thermally an-
the disturbing influence of any external magnetic stray fieldsnealed at 300 °C fo4 h with :;m applied stress of 500 MPa in

Just in front and behind this shielding cube, spin-turn device§Srder to induced a large anisotropy, was measured without

are attach.ed .to allow for an onentaﬂon of the IAnc'demAneu'external stress. Scanning electron microsc(§M) images
tron polarization vector successively into the §, and z

directi dal . £ the th ial of this sample, revealed a particularly regular domain struc-
Irection, an &S0 to propct any ofthe t. ree spatial Compog, ¢ consisting of large antiparallel domains oriented along
nents of the final polarization vector behind the sample ontq, o longitudinal axis of the ribbol. The other samples
the direction of the analyzer. In this way, we could measurgro co,.B,: and Ca-B,s) Were used in the as-cast state
succe_ssively_all nine elements_ of _the _depoéari_zation rnam)iexhibiting a complex finger print domain structdr&imul-
I_D._Usmg a direct cu_rre_n(udc)-con spin fllp_pefL_ with an ef-. taneous depolarization and magnetic induction measure-
ficiency e=99% the incident beam polarization could be in- ments were performed with the §E0,B;5, and Co;Bys
Ve.”e‘?' and ‘f‘rom ,t'he ne“utrorl mtensm?% and| meaSu_red as-cast samples. There the induced voltage in a compensated
with flipper “OFF” and “ON,” respectively, the depolariza-

i trix el ¢ b lculated ding t pick-up coil system wound around the sample was recorded
ion matrix elements can be calculated according to with a digital storage oscilloscope.
=1
i

ijzﬁ (i,j=xy or 2), ©)

IV. RESULTS AND DISCUSSIONS
where the indices andj, as mentioned already, refer to the Figure Za) shows the time dependence of all nine matrix
respective orientation of the polarization vector before andlements in the absence of a sample. As long as there is no
its analyzed component after transmission through thenagnetic field applied the measured depolarization matrix is
sample. Under the plausible assumption that the small bytroportional to the unit matrix. The deviation of the diagonal
unavoidable deviations of the “empty depolarization” ma- elements from the ideal value 1 is simply due to the fact that
trix De, which is measured without sample, from the unitthe incident beam is not completely polarized. As expected
matrix are symmetric with respect to the pre- and postsampléheoretically according to Eq3), a magnetic field pulse
beam trajectories, the effective depolarization matrix of thealong thez axis has a strong but opposite effect on the two
sample is found by the correctidb=D, DD /2. off-diagonal matrix element®,, and D, and (a smalley

In order to detect magnetic relaxation effects a pulsedne of equal sign on the two diagonal elemebts, and
magnetic saturation field was periodically applied along theD,, . All other matrix elements are not affected by the field
sample’sz direction for duration of 50Qus, followed by a and hence are constant in time. A homogeneous magnetic
2500wus-long field-free interval. The rise and fall times of field cannot cause a depolarization of the beam but only a
this field pulses were 17 and 1, respectively. The pulse rotation of the polarization vector. Since the determinant of a
amplitude of 200 A/m was higher than the coercivity of all pure rotation matrix is always identical to 1, the determinant
investigated amorphous ferromagnetic ribbbhat each ris-  of this measured “empty matrix” should not change even
ing edge of the pulse the multichannel counter was retrigduring the application of the field. Figurél® clearly dem-
gered as to store the detected neutron intensity in 120 senstrates this expected behavior, implicitly indicating the
guential time channels, each of 26 width. Thus within a  correct function of the experimental setup.
total measuring timefal h 1.2< 10° cycles were completed, The time dependence of the depolarization matrix of a
corresponding to a total accumulation time of 30 s for eactFe;,Co,1B15 sample measured at an applied mechanical
channel. Running this measuring scheme both for flipper OMtress ofo=87 MPa is shown in Fig. 3, where the correction
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FIG. 2. () Dynamic measurements of the empty depolarization matrix.
Pulse timet=500us; (b) time evolution of the determinant of the empty
depolarization matrix.

for the empty matrix has been already carried out. As can b

seen, elemerD,, obviously is not affected by the longitudi-

nally applied field and its value is very close to 1. This result

is compatible with the assumption that the applied stress i

been calculated from the dynamically measured depolariz

0
time [ms]

K]

FIG. 3. Dynamic depolarization matrix of a &€0,,B,5 as-cast sample with
o=87 MPa.

n-
duces a highly oriented structure of domains that are aligne

either parallel or antiparallel to the stress axis. In Fig. 4 the®
time evolution of the determinants is plotted which have

2
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—0— OMPa
—A— 87 MPa
—O°— 199 MPa
0.2 ﬁ —V— stress annealed
I? }
{
0.0 "o SPommmmemmmns
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FIG. 4. Time evolution of the determinant of the depolarization matrix
measured for RgCo,,B,5 samples a=0, 87, 199 MPa and for a stress
annealed sample.

tion matrices of FgCo,,B5for =0, 87, and 199 MPa. For
the unstressed state€ 0 MPa) one can see that outside the
time interval where the field is appligdfield region™) the
determinant is zero valued, meaning that the transmitted
beam is fully depolarized. This complete loss of beam polar-
ization in the absence of any external magnetic field or me-
chanical stress is caused by an irregular domain structure
with lots of closure domains, which is essentially governed
by local fluctuations of the long range internal stresSae
latter inevitably arise during the production process of such
amorphous samples. The observable increase of the determi-
nant during the application of the field results from the in-

rease of the net magnetization of the sample as well as from
the induction of a more regular domain structfiré.

For 0=87 MPa one can see immediately the effect of
e external tension on the domain structure. Compared to
e stress-free measurement, the region without field exhibits
significant increase of the determinant due to the stress-
induced regularity of the domain structure. Because of the
ositive magnetostriction constant of this sample collinear
domain alignment with respect to any applied stress occurs.
During the application of field the regularity is further en-
hanced due to the associated magnetization process, and
hence the value of the determinant increases even more.
However, after removal of the field this excess regularity,
i.e., the magnetic remanence of the sample, is not stable and
the determinant relaxes back to its stress-induced equilibrium
value. Such a relaxation process is also observed in the mea-
surement ar=199 MPa, where in the field-free region, as
one obviously expects, the equilibrium determinant exceeds
the values obtained at=0 and 87 MPa. The preannealed
sample, on the other hand, when measured without applied
stress, yields a depolarization in the field-free region which
is of the same order of magnitude than that of the stressed
samples, indicating the presence of a similar domain struc-
ture.

Analogous measurements were performed with a
Co;7B,3 sample, whose magnetostriction is negative. The
time dependence of the depolarization matrix determinant of

th
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evolution of the magnetization a relaxation model was as-
FIG. 5. Time evolution of the depolarization matrix measured in &&g sumed and then the theoretical depolarization matrix for each
as cast sample at=0 and 300 MPa. time interval was calculated step by step.

V. DOMAIN WALL DISPLACEMENT MODEL
this sample is plotted in Fig. 5 far=0 and 300 MPa. The
observed reduction of the determinant with increasing exter- ~ Let us assume a long ribbon-shaped sample with a thick-
nal stress is fully compatible with the fact that because of thé1ess of about 2@um (like that of our actual samplg# the
negative magnetostriction the domains do not align along but@me geometrical arrangement that was chosen in our experi-
instead at right angle to the stress axis. Although the 200nental setup. Let us furthermore assume a simple domain
A/m longitudinal field pulse is perpendicular to these do-Structure thatis composed of only two domains, separated by

mains it is obviously not sufficient to enforce their rotation to @ Single domain wall. This domain wall should be considered
the 7 direction. to be a 180° wall, which is fairly reasonable for a stressed

Phenomenologically the relaxation effect observed in thd0Sitive magnetostrictive sample. The equilibrium position
dynamic 3D neutron depolarization measurements is origiof this longitudinal wall shall be at the center of the sample.
nated from a change in the magnetization distribution in the*PPlication of a longitudinal magnetic field forces this do-
interior of the samples, and it reflects the stabilization of thg™ain wall to move into a specific directide.g., thex axis).
domain structures. During the application of the magneticoUPseguent sudden removal of this field is followed by a

field the sample is nearly saturated. Immediately after thdelaxation process since the wall will return to its equilibrium

sudden removal of the field the remaining remanent magnepos"“On with some velocity(t). It is plausible to assume

tization starts to decrease gradually with increasing timethat the rate of approaching equilibrium decreases linearly

This relaxation of the magnetization can be connected witt{'Ith decreasing distance from the equilibrium position,
some basic processes as: which corresponds to an exponentially decreasing wall ve-

locity. Figure 6 shows the velocity and the position of such a

(1) Nucleationof domain walls, domain wall as a function of time according to our model.

(2) Displacemenof already existing domain walls, For simplicity we have chosen arbitrary relative units. The

(3) Rotationof the local magnetization inside of already ex- width of our hypothetical “sample” was defined as 1 unit,
isting domains. the origin of coordinates was setxat 0. This means that the

Generally speaking, in amorphous materials with posi_equmbrlum.posmon 0.f the domain wall is at=0.5. _G|ven.
these conditions the influence of these two domain portions

tive magnetostriction the nucleation of domain walls should . . .
g on the transmitted neutron spin can be calculated theoreti-

take place very fast within times of the order of L .
10 5-10* s. Taking into account that in our dynamic ND cally. In one of them the magnetization points towards the
. +2 direction, while in the other one it points to thez

experiments the time resolution was adequate to study relax..~ . L .
ation phenomena at a time scale of about 180 only pro- direction. The direction cosines are thus=(0,0,1) for the

cesses?) and(3) need to be considered here. first domain, andn,=(0,0,—1) for the other. Taking into

The theoretical depolarization matrix and its time evolu-account the known saturation inducti@@=1.2T one ob-

tion were calculated for each of these two processes and théﬁms immediately from Eq(3) the two pure rotation matri-

compared with the results of our measurements. The theorets>

ical depolarization matrix can be derived by considering a

hypothetical domain structure and by calculating the change —0.0954 —-0.995 0
of the polarization vector upon passage through such a struc- D,,=| 0.995 —0.0954 0
ture by means of Eqql) and (2). To determine the time 0 0 1
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which have both a determinant equal to 1. .
To derive the effective depolarization matrix according 05 00 05 10 15

to Eq.(4) an averaging over the beam cross section has to be time [ms]

performgd. In our Slmphfled single layer d_omaln m0d6| thISFIG. 8. Induced voltage in the compensated pick-up coil as function of time

means just to take into account the relative portions of thor the Fg,Co,,B,5 as-cast ribbon at different values of the applied external

two regions with upward and downward magnetization.stress. The lowest curve shows the time structure of the pulsed magnetic

Since per definition the time-dependent positiqt) of the ~ field-

domain wall can take a value between 0 and 1, the time

dependence of the depolarization matrix can be expressed t_)ly ] ) ) )
his means that such a model is obviously completely inad-

D(t)=X(t)D4,+[1=x(t)]D_,. (7)  equate to describe the observed temporal change of the mag-

Figure Ta) shows the time evolution of the determinant of Netization of our soft-magnetic amorphous ribbons.

this theoretically derived depolarization matrix of our hypo- ~_ Figure 8 shows the voltage that is induced in the pick-up

thetical sample, assuming=0 as start position ang=0.5 coil system as a function of time for the §z€0,,B,5 as-cast

as equilibrium position. Its behavior is obviously very simi- Sa8mple at different applied external stress values. Addition-
lar to the experimental results, therefore this model of do2lly the time dependence of the applied magnetic field pulse
main wall displacement in spite of its extreme simplicity is aiS Plotted in the same figure. Just after the end of the field

reasonably good candidate for a correct theoretical descritulse a clear voltage peak can be observed in this positive

tion of the observed relaxation process.

VI. MODEL OF LOCAL MAGNETIZATION ROTATION - 2
—9— Neutron Depolarization

Let us now consider the model of local magnetization 072 (a) ol “::3%2‘1;‘:"(:‘:‘12:50
rotation. Like in the previous model a domain structure is ﬁﬂ T 87 MPa 10 _
assumed which is composed of two domains with mutually 0641 1, *g
opposite magnetization directions, separated by a single 180° =]
domain wall. Initially it is assumed that the domain wall is 0.56T 12 g
inclined at a certain angle relative to the longitudinal ribbon — Ll {3 S,
axis. Here the change of local magnetization with time shall e 048 ' . . . . ‘ _5
be related to a rotation of the local magnetization, and hence §_ 05 00 05 10 15 24 5 §
of the domain wall too. When an external field is applied (b) . —>— Neutron Depolarization B
along the ribbon axis the domain magnetization directions 0.721 S “F‘:gzi“"é""é?.‘z;(, 11 %
begin to rotate until they are aligned either parallel or anti- " 193 MPa ] b
parallel to the field. By switching off the applied field, the N o S
local magnetization vector will have a tendency to rotate 0.641 §
back to its equilibrium position within some characteristic
time interval. In this case, the position of the wall remains
constant but its direction changes with time. Using the same 056 . . - - ; - .
mathematical procedure as before, the time evolution of the 05 00 05 10 15 20
depolarization matrix and its determinant were calculated for time [ms]

this specific model. The behavior of the time dependence 0IEIG. 9. Magnetic flux obtained from the integral of the induced voltidgé

the determinant, which is plotted in Fig(lf, is completely  jine) and determinant of the depolarization matrigircles for the
opposite to what has actually been measuisek Fig. 4 Fe,,C0,,B15 sample stressed &) =87 and(b) o=199 MPa.
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