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Abstract:

A new method for three dimensional study of the angular
dispersion of anisotropy in MnBi films have been applicd. The
direction of the average magnetic moments colncides with the
axis of a circular cone making an angle {9) with the Z-axis (normal
to the film plane).

An external magnetic fleld (16 Ke) parallel to the film plone
was applied with different angles (@) w.r.t an arbitrary reference
axiz lles in the film plane. Using magnetooptical Faraday system
with high resolution, the magnetic structure of certain area in
the film was observed and recorded on photographic plate,

The projection of the ecircular base of the cone on the film
plane must be of elleptical form. A computer program was construc-
ted to identify this ellipse using the magnetaaptical experimental
results. The theoretical calculated data based on this method agrees
very well with the experimental results.

The appearence of anisotropy phenomena in the film plane
which had been reported before can be explained by applying the
suggested distribution of moments.,

Introduclion

It was established thal the magretization (M) §s ot wniformaly  directed
throughout & real  unlasial anisotropie  ferromagnetic Tilms, but b sulferes along
the easy axis (EA} @ local angular deviations fram its averagh ditection. The exis-
tence of angular dispersion of the anisatropy in fercomagnelic BMnBi films has been
studied Before (1), It was suggested that the spliling Bngle tepreseods B solid angle
arcund the Z-axis (narmal ta the film plane).

It is worthy to mention Lhat the magnelization & MnBi filma is not strictly
direcied bowerds the F-axis, but it is inelined by & cectain angle (@) an the 7 -axis
(2-4). This inclination appears 85 a reslt of the existance ol residual internal
stresses in the film aller the preperation process (5}, Since the magnetastriction
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coeflicient of intermetallic compound MnBi is relatively high (=5 x 1074 (6,7}, then
the magnetoelastic contributicn to the anergy of the system has a considerable
effect on lthe equilibrivm state of (M)l The value of the internal stresses in MnBi
lilms  depends on  the preperstion paramaters (the tempetatuse of the substigte
doring the condensalion al Bi and Mn, the diffusion annealing temperslures=tc (5.
Though, the inclination engle (8) will differ from one film to snother depending
on its pregerstion conditicns.

The present wark cancerns with tha study of the distribution of the angular
dispersion of anisotropy n such ferromagnelic film in three dimensions teking into

corsideration the inclinetion of (M) an the Z-axis

Lxpetimental Technigue:

The MnBi 1llms wete prepared by ususl vacuum deppsition method Jeporled
elsewhere (2) on glass substrate in circular from of 15 mm dismeter and 800 A thick-
ness, The coercive farce of the used film was 1.96 KDa,

The magnetic structure of the film was Investigated by wsing magnetooptical
Faraday system with high resolution and recorded in photographic plate, The ratio
of the switched domains in a cerlain area in Lthe film wes eveluated by the weighing
method of highly magnified photogreghic patteren of the magnetic structure with
2% tolerarcy.

Results and Discussion:

The ususl method to emphasize the pressnce af angular dispersion In permalioy
films, where the magnetization (M} lies in the film plane, is to apply a magnetic
field (HL) of amplitude more than 2 M, (Hy is the gnisotropic field of the film)
towards the hard axis of magnetization (HA) to saturate the lilm in the  ficld
direction. As the value of the fleld (HL ) is reduced the film is disintagrated to
domalns, where the maoments in eoch neightbour damains are antipatallel and the
film is finully demagnetized (8). The majer difference between the permalloy [ilm
and the Mnli s that, the ersy rxis of magnetization of the Jater film is directed
ot the film plene. This mesns thet this class of fikn possising a hard plane instead
of hard axis of magnatization.

The previous mentioned method was sppliod to 8 Me8i flm of cone domain
siructuce, which wasformed by a magnetic field of smplitude & KOe aeplied patallel
le the (EA), Then a magnetic field (HL ) of constant amplitude 16 KDe was apglied
parallel ta the film plane with angle (@) measured relative la an wrbitrary reference
axiz (RA) Jies in the film plane. After thaol, the field (HL ) is reduced to zero and
the mognetic structure of a lixed cerlain ares of the {film was observed by magnelo-
optical Faraday system  with high resolution. The film is satursted again to one
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domain structure and the field (Ha ) was spplied with other angle (#) snd the
megnetic structure of the same sclected nrea was magnetooptically investigated.
The last process was repested by varying the angle (D) 45° each time till 3&0°.
Flg. (1} shows the magnetic structure of the fixed stea in MnBi film after spplying
the field (HA) at differcnt values of (Q).

In these photagraphos & closs look can lead to the following Important two fects

i The ratia of the switched damains, in which the irreversable megnatizetian jump
was cccured {the dark comains in Fig. 1), to the total domains in a certein ares
(A5/S) & = function of the angle {@). The Tfollowing table shows the varlation
of the ratio (AS/S) with the asgle (@) calculsted from the pholographes of
Flg. (1).

Table (1)
L
The angle, @ ()] 45 20 180 225 270
AS
The ratio ok 51 8122 36.27 32.LB 50.36 49.44 42.73

il. There are o fixed swilched domains in every two magnetic structures corresgonding
to any successive wogles (@), meanwhile some domeins dissppeared from the
struclure and  athers eppeared (see for example, the zore determined by the
arrows in the exposure 1,2).

Tha obtained resulls, genetally, are in agreement with thot reported in (1),
except the first fact roported sbove was cgnorted in the lost study. The reason
of egnoring the dependence of the ratio (AS/S) on the angle (M) In the last work
could be due to the representation of (M) along the Z-exiz (e 8 = 0) which
leads ta equiratio of (AS/S) independing on the angle (@), The recent studies
on the remagnetization process of MaBi films wndoutly consfirm the inclinotion of
(M) on Z-axis (2-4), Taking this inclination into consideration, Fig. (2-a) illustrates
the schematic representation of the distribution of the mements in three dimenslons.
It is assumed that t™ moments of the sample sre distributed in form of right circular
cooe, its axis 00" caincides with the average direction of the moments (M) and
incling by on engle (B) on the Z-axls, The apex af the cone represents the otigin
of the couordinates O. The ciecular basa of the cane has the same inclination angle
(8) on the X-v plane, consequently its projection on the X-Y plare is an ellipee,
where its centee O' of coordinates (<€, B) w.rt the prenciple axes X and Y (Fig. 2-b).
Tre semi-major axis of the ellipse {(A) is inclind by an &ngle (@) with the (RA) ond
equals the radius of the circular bese of the cone, while the length of the semi-
minor axis (B) depends on the sngle (@),
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Fig. 1: Magnetooptical Faraday photogrephs of MaBi film after applying magnetic {leld
(H = 16 KOa) st dilferent engles () w.rt the (RA):
1)0=00 2) 450 3) 50
4) 180° 5) 2250 6) 27
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Fig. 2= {a) Schematic representalion of the distribution of the moments in conical farm,
(b) The projection of the citeular base of thecana on X-¥ glane,

Fig. 3: The theoretical ellipse abtained from analysing the cogfficiants of the qeneral
eguation of conical section. The experimental dala of table (1) are alio plotted,

Fig. & The clicular base of the cone obtained from the Computer calculatian of the
elltical sectors as a funclion of the angle (2} measured w.rt the (RA).
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Fegarding to the general rule conlrolling the intesection between the magnetic
field aref the magnetic fmoments, the irceversible magnetization jump occured in
domeing in which the magnetic moments  relstive to the applied Tield are inclined
by an angle mofe then 909 (B}, Accordingly, on applyving the Tield (HL) by different
angles (D), then the corresponding walwes of the retio (ASSS) rmust ba distribauoted
on the circumference al an elipse which represents the projection of the canical
hess an the X-Y plane,

Congidering the gereral equation of & conicsl sectien in the forme

z
I.I.:"-I + 21}.:‘;,']"] - |'_"'l'|:EI + Ed.]':_‘ « taX¥ + 1 =0,
i i
and substiluting in Xj, ¥j by the experimental results of (&5/5); tatulated in Tetle (1),

where

5,
i

‘I"l. [#-5.-"5,'-| sin E|| i iz 1 toal

ibs;a]l_ ood EII 4

A computer progeam was constructed to solve the oblained sls eguations acd the
nmericel wvalues of the equation cosMicients weee determineds Fige (21 represents
the abtained ellipte in the form of the last eguation wilh the following cosMiciants
a = 1, b = - Q2IFFE, ¢ = TI&L3IER, d = 049330, @ = ZORSD aet F = =15401.1%37%
The parameters of the obtained ellipae can bBe evaluated by analysing Lhe equetion
cooflicienls, The obtained resulls are as follows: A = 44.3B6445, B = 3450251, e =
- L1729 gnd the coordinates of the contreelz - |.5E-‘i‘[l..ﬁ = - LAléas. The inclinn=
tiam angle (#) can be calecolsted Trogm the pelation

2 = arc cos (BFA) ,
which has been found te be equel bo 37,989

The experimental date gre glotted on the same axes of Figo (33 sfter transfarmation
Trorm palar bo cartesian éoordinates, 10 = very rematlkable noticing the gooed coinci-
danice of the expetimentsl results with the suggested cendeal distrlbotion form o
the maments,

According te the sugpested digtribution of moments in the present woek, tha
retio of the Interactirg moments with the field (HLD)p applied by angle (P} wart
the (RAY Fig. (3], was determined wsing the lollowing steps

L Ropresenting the espplied fleld by = stieight line (mO}  directed towards the
arigin of the coordingtes (2] and making an angle {011 with the {RA).

. Deflnirg the equation of the line vOv' which is normal to the {leld direction
[mOl. This line determine tha ellfptical sector vAw' which s ares Is propottional
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la the rumber of moments orented by an engle more than 907 with the applisd
field.

iii. Solving the eguation of the line v0v' with the eguatien of Ehe shimined ellipse,
the coordicates of the intersecting points v and " are oo,

bv. Using Lhese Llwo points, the ares ol the elliptical sectar vOv' (A5) wes eveluated
paying a great attention to the geometry of Lhe considering area,

¥. Mormalizing lhe obtained arca by deviding oo the area of the great circle of
Lthe ellipss (5l

On applying the sama field oy obher angle (AZ), [HJ,]HE, the nmew rolic of  switched
memcnts s repiesented by the area of the elliptical aector was', Olher Comipules
program was combrecied to caloulate thg different wvalues of the ratio {AS/S] as
@ function of the angle (@) in the range from eero to 360 The obtained resulis
showed thal, the ratio (&5/5) Is v & circular relatiorship with the angle {B). The
tefius of the circle equals to the value of the semi-major awis of the ellipse and
its centre coincides with the centee of the ellipse {solid ciccle in Fig, &), Since Lhe
pothined circle & a great circle for the calculaled ellipse, which represents the
projectian of this circle on the X-Y plane by an anile (B, bhen this circle muost
be lhe ciccular cone bese of the distribulion of the momends, This resulks strangly
fupport the sugooited model. Moreower, comparing the fwo  efliptical sectars vAy
and whw' it can easly be noticed that, there is a lixed zong in which the moments
are switching in the two cases (whv), end far every direction of Lhe applied field
anc aeclol Jdzappears (ww) while other pgpears (vhe']l which gxplain the Faraday
abservations illustroled in Fig. {13 very weall.

Accarding to the suggested distribution of the moments, the radics of the
cont bese should equal te 50 {n percentage) Lo canfirm the uniferm distribution
of ihe moments around the meen direction. The recuced vaolee of the ohtaired
rachius (00.2E] i3 due to applying & magnetic field, whicts is limited in our laborataey
te 16 KUe, leas than 2H, of Ihe investigated film, Since the anisotropy In MnBi
films posseses an amplitude dspecsion follows the Gaumian form (4), then the catis
of the effective mormenls Lo the tatsl moments should be calcelsted  from tha
integration of:

1 i 1 H'ﬁkz
——— 5 exp o= 7 {—'ﬂ"_';,-} dH,
GYam :

where HE = 16 KDe, H, = 1407 KOe, &+ 1985 Tri: otin equals to O.B8477.
This results leads Lo the reduction of the radios ol the virrglar base Tioem 50 te
44,438, which i= very close to the obtained redius i the present calculolion (S4,34),

The direct conclution of using the distribution of Lhe moments in 8 conical
farm around an inclinded awis leads to the creation of an pnisotrepic  behaviour



M.A. Soliman 87

in the X-Y plane, which explains the obscrved enisoliopic phesamena in the {ilm
plane reparted in 8 previous article (3),

From the previows discussion, as a final conclusion, It could be slated thar
the magnetization of the MnBi fetto-magnelic film posseses snguler dispersion and
distributed in a right circular cone its axis coincides with the average direction
of the maments which inclinde by a certaln angle on the Z-axis. This form of distri-
bution can be spplied for all ferromagnetic films having 8 magretic mament egressing
fram the film plane
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