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Microstructure of the spin reorientation transition in second-order approximation
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The microstructure of the magnetization reorientation in second-order perpendicular anisotropy approxima-
tion is theoretically studied by means of Monte Carlo simulations. The magnetic structure is investigated as a
function ofK‘fff: K,— Ep—the difference between first-order anisotropy and demagnetizing energy density—
and the second-order anisotropy energy denkify For K,>0 the transition from a vertical to in-plane
orientation of the magnetization proceeds via the canting of magnetization. The canted phase consists of
domains. The domain microstructure establishes the smooth, continuous connection between the vertical do-
main structure and the vortex structure for in-plane magnetizationKar0 a continuous reorientation via a
state of coexisting domains with vertical and in-plane magnetization is found. Within this state the size of the
vertical and the in-plane domains depends on the ratiK‘{éf andK, and changes continuously while the
transition proceeds. Both¢'" andK, determine the width and energy of the domain walls. The broadening
and coalescing of domain walls found in first-order anisotropy approximation is prevented by the nonvanishing
second-order contribution.
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Experiments on spin reorientation transition in ultrathinThe second model assumes that the orientation of the mag-
films have revealed that the magnetic microstructure detemetization is always determined by the lowest lying energy
mines to a large extent the magnetic behavior of thaninimum. A sudden flop appears at the point where both
systemt~’ Theoretically, the microstructure of the spin reori- minima have equal depth. Both models have been discussed
entation transitiofSRT) has been investigated in first-order in the literature for zero temperature. In the common discus-
approximation of the perpendicular magnetic anisotfbp§.  sion of the discontinuous transition neither the finite tem-
The importance of higher-order anisotropy contributions inperature nor any microstructure has been taken seriously into
the spin reorientation transition has been pointed’buf  account.
and a phenomenological magnetic phase diagram in second- This paper focuses on the magnetic microstructure within
order anisotropy approximation was introduced in 185@.  the spin reorientation, considering anisotropies in the
this approximation only two different kinds of reorientation second-order approximation. This is performed by means of
have been postulated. The reorientation can proceed eitheomputer simulations by a spatially resolved analysis of the
through a canting of the magnetization or through a state ofagnetization reorientation in the framework of competing
coexisting local minima for the in-plane and vertical magne-dipolar, first- and second-order contributions of the perpen-
tizations. dicular anisotropy for a given exchange coupling. For this

The first option is usually quoted as a second-order tranpurpose Monte Carl@MC) simulations have been performed
sition or a continuous reorientation. It is commonly believedto find the equilibrium spin configuration at a given tempera-
that the canted magnetic moments in that, so-called, “conéure. The approach is more general than any previous
state” are evenly distributed on the perimeter of the base of attemp®!® as neither a restriction to one dimension is made
cone with no preferred direction of the in-plane componentsnor is a particular domain structure and wall profile assumed.
A possible microstructure of that phase has not yet been corFhe films are described by an averaged anisotropy. An effect
sidered. of the layer dependence of the anisotropy on the magnetiza-

The second kind of transition proceeds via states of “co-ion orientation is disregarded. The Hamiltonian of the prob-
existing phases.” The reorientation through this path is ofterlem includes the exchange, dipolar interactions, and perpen-
classified as a discontinuous or first-order SRT. The classifidicular anisotropy of the first and second order,
cation is due to the assumptions or the models that are made
to explain the flip of the moment. In the state of coexisting S-S (§ri)(S-rii)
phases both orientations of the magnetization have local H= _J% S-S+ DiEJ. (3 F-3 : 5 —
minima. Hence there is a possibility for the magnetization to i
be oriented along one direction or the other. Two models of _ )
occupation are commonly accepted leading to a discontinu- +K, 2 sirPo+K,2, sir'o, @
ous flip, i.e., the “perfect delay” and the “Maxwell” ' '
convention** Initially in both models the magnetization oc- whereJ is the exchange coupling constant which is nonzero
cupies the state of the lowest minimum. In the first model theonly for nearest-neighbor sping is the dipolar coupling
magnetization is believed to stay in that state until the correparameter, and;; is the vector between sitésandj, ¢ de-
sponding minimum of the free energy is completely erasednotes the angle to the surface normal. The coefficiénhts
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K, approximatior?'® Domains of that size have been experi-
et Ep w, TR mentally observed close to the reorientation transition in an-
St nealed Co/A(1)) films3=° If K, is large the domain size

BB and the domain wall width are mainly determined Ky.

The trend is that the stronger the second-order anisotropy the
narrower are domain walls and the larger the domains. In the
ke 058, K=K -E, close vicinity of K$''=0 with nonvanishingk, the wall
7 f l l > width is finite in contrast to the infinite sinuslike profile of
the magnetization in the first-order anisotropy approxima-
tion. This means thaf, substitutes foK; in the definitions
of the wall width and energy which were already put forward
in a theoretical papéf some time ago. FoK¢''=0 andK,
=0 the microstructure consists of moments of spatially vary-
ing orientation. The arrangement of the magnetic moments is
illustrated in the central inset of the Fig. 1. The magnetiza-

FIG. 1. Micromagnetic phases of a monolayer of classical mag:[ion rotates in a helicoidal for_m along all th_ree principal
netic moments in the anisotropy spa@econd-order uniaxial an- @xes. The structure that forms is called the twisted phase. At

isotropy approximationafter Ref. 11 and 15 ¢/ is the difference  this particular point the magnetic moments are evenly ori-

between first-order anisotropy and demagnetizing energy dens”:?nted n a” dII’ECtIOI’]S Wh|Ch IS CharaCtel’IStIC Of the tW|Sted

K¢"=K,—Ep, andK, is the second-order anisotropy density. The configuration'°

lines K,=— 1KE" and KE'=0 separate vertical, canted, in-plane, ~ For negativeK$'" and K,<—3K$' (the “in-plan€ re-

and coexistence phasesee the teyt The reorientation transition is  gion in Fig. 1, the vertical magnetization vanishes and a

characterized by the evolution of magnetic microstructure betweegomplete in-plane orientation of the magnetic moments ex-

vertical and in-plane phases. Please note the different scale on tligts. To minimize the magnetostatic energy vortex structures

two axes. form as the magnetic anisotropy in the film plane is set to
zero. In the “in-plane” regiorK, has only a minor influence

andK, are correspondingly the first- and the second-ordebn the microstructure compared to the former situation with

anisotropy constants. Via scaling the realistic effective valueg ¢~ .

for the ratio of dipolar to exchange interactions can be | the following we will discuss situations where the mi-

achieved by considering spin blocks of appropriate Yize. crostructure is strongly dominated by the interplay@ff
For the extended MC computations we take a monolayer o ndK.,. At first for Kiff<o andK2>_%Kfleff (insetcanted

classical magnetic moments on a regular, triangular lattice of  _. LT eff . -
. o . in Fig. 1) the negativeK;'' competes with the positivk,.
about 10000 effective magnetic sites. This corresponds to A . . .
surface of an hg®00) structure or an fdd1l) structure. ?Qt?oﬁntirgger?illr:l;mr:é?:rllylEggrl%lsniai?wgg‘ir?; tgi:;l?i%net"
The magnetic moment is described by a three-dimensiond : 9

vector S of unit length. The Monte Carlo procedure is the of magnetic moments_in t_he simulatighig. 1.)' The vertical
same as described in previous publicatihTo avoid ar- component of magnetization changes continuously from 1 at

eff__ _ _ 1eff . .
tificial periodic patterns we use open boundary conditions. _Kl =0 10 zero a,~—3K; . In the literature this phase

We would like to discuss the results in the appropriate's called the “cone state” as it is generally assumed that the

anisotropy space. For the sake of simplicity the diagram isc,,antfd m?gtjrr:etik;: momfnts are di\%ribfgtzd Lmiformly ?r? ? tF;]e'
given byKﬁ”—the difference between the first-order anisot-""etef Of the base of a cone. We find, however, that the

ropy K, and the demagnetizing energy dengiiy—and the canted magnetic moments form domains with in-plane com-
se?(/)nci—order anisotro?)y ene%y de%ﬁy (Fig. 1). Thus ponents oriented along the principal directions in the lattice

) A lane although the in-plane anisotropy was set to zero. This
K‘i” takes the magnetostatic energy contribution into ac~p g b Py

. ! ..~ Is at variance with Ref. 19, where no preferred direction of
count.Ep is taken as the magnetostatic energy of an infinite, in-plane components was found. The principal axes of
film, i.e., 27M%. We want, however, to strengthen that in th

! : . - €the triangular lattice become the in-plane easy axes of mag-
simulations the magnetostatic energies are calculated exacthatization due to dipolar interactiGAWe may conclude that

while the phase diagram helps tf? make the presentation G the canted phase the ferromagnetic system is already af-
the findings clearer. For positiv€] " andK a vertical mag-  fected by negligibly small in-plane anisotropies. The in-plane
netization iS fa.Vored, Wh||e negative Values cause an in'plangnisotropy causes the appearance of domains W|th magneti_
state[see Eq(1)]. zation components along distinct in-plane directions. A top

In the region of “vertical” magnetizationFig. 1), for  view of the domain structure in the canted regime is pre-
positive K§'" and K,> —3K$'", we find the following mi-  sented in Fig. 2. In Fig. @) different shades of gray repre-
crostructure. For largi$' the vertically magnetized do- sent different orientations of the magnetic moments in the
mains are very large. Witlﬁ(‘jff decreasing more and more film plane. In Fig. Zb) the different shades of gray give the
vertically magnetized domains appear, i.e., the domain sizep and down components of the magnetization. The fre-
shrinks. Simultaneously the domain walls become broadequency distribution of the in-plane component of magnetiza-
This result is similar to the findings in first-order anisotropytion in the down-canted domains is given in Figc)2 This

in-plane

-Ep |
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P(S,) FIG. 3. Perspective view of the canted spin structurekl’
=—0.4Ep, K,=0.6%E, andkgT/J=0.05. For clarity only one
row out of two and one moment out of two in the row are drawn as

0.0+ 0.0 cones.
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increasing withK,/K$"" approaching—1/2 the walls fade

FIG. 2. Top view of the magnetic microstructure in the cantedaway and domains and walls become indistinguishable. The
phase forK{''=—0.4E,, K,=0.65p, andksT/J=0.05. (@ A [atter process transforms the structure into a planar vortex
top view of the microstructure. In this image the in-plane compo-which is the charge-free magnetization pattern. Hence a con-
nent of magnetization is coded in gray. Light-gray color gives thetjnyous reorientation transition through the phase of canted
part of the sample with an in-plane component pointing mainly t0domains occurs. In this regiok, has a strong influence on
left or right in the plane of drawingazimuthal orientation of 0° or the microstructure of magnetization.

o o o e o g e, The third possible path for the reorientation of the mag-
the horizontal within the plane of drawings) Out-of-plane com- netization proceeds via the forth quadrant of the anisotropy

ponents of magnetization in the same sample. Dark and Iig;jht-gra§p"’lc_e Ktleff>o’K,2<0)' In this reglon(lnse_t coexistence
arrows represent canted-down and canted-up domains corresporld- Fig- 1) we find that the average vertical component
ingly. (c) The frequency distribution of the in-plane component of Of magnetization goes gradually from almost unity above
magnetization. The abscissa gives the angle of the magnetization t62= — %K‘iff to zero atKi”: 0. This continuous change of
the horizontal within the plane of drawingd) The frequency dis- the magnetization component can lead to the erroneous con-
tribution of the out-of-plane component of the magnetization. Theclusion that the reorientation proceeds via the canting of
abscissa gives the component of the magnetization along the nomagnetization. The canting phase, however, does not exist in
mal. this part of the anisotropy spate!® In the simulation we
find a magnetic microstructure that consists of domains mag-
demonstrates that two main in-plane orientations of the magnetized perpendicular and in plane, i.e., a coexistence of the
netization(around 240° and 120°) appear. For the verticaltwo phaseghistogram, Fig. 4)]. Hence the very existence
component the frequency histogrdfig. 2d)] reveals that  of two local minima in the free enerdyleads to the appear-
the angle to the film normal is identical for all moments in ance of domains with vertical and in-plane orientations of the
the domains. The angle is equal to the value one obtains fromnagnetization. The borderlines of the phase of coexisting
the analytical treatment in case of domains in the calculations are in good agreement with the
experimentally defined borders of the “gray” zone of SRT in
_ 1 K‘f”< Co/Au(111).* The first experimental manifestation of coex-
0= ) K_z\l’ isting domains in Co/A(l11)/W(110 was published
. recently’
ie., In our simulation we find that the magnetic transition is
continuous. Our results rule out the models discussed in lit-
) K3 erature forT=0 K, i.e., the “perfect delay” and the “Max-
Om~arcsimy/ — Ky well” convention* A typical microstructure of a state of
coexistence phases and the frequency distribution of the ver-
The small amount of deviating orientations is found in thetical component of magnetization for that state are presented
domain walls. A three-dimensional representation of thein Fig. 4. The histograniFig. 4(b)] demonstrates that the
magnetic moments is given in Fig. 3. majority of the magnetic moments build an angle of either 0
We also find that in the canted state the domain size inor + 7/2 with the film normal, i.e., vertical and in-plane
creases with increasing, for a givenK$'". The width of  magnetized domains are formed. The domain walls cause a
the domain walls depends on bd’s}‘f” andK,. The walls  small amount of moments with deviating orientations. The
become broader with the ratié, /K" approaching—1/2.  depths of the local minima of the free energy depend on the
The broadening of domain walls causes a slower rotation o¥alues of K¢ and K,.1* In our simulations we find an
magnetization within the wall. As the canting angle is alsoincrease/decrease of the in-plane/vertical domains size with
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0.0 ; : . FIG. 5. Top view of the microstructure of the state of coexisting

-1.0 05 %0 05 1.0 phases and corresponding energetic potential. Dark- and light-gray
z areas represent spin-up and -down domains correspondingly. Black

arrows show the in-plane domairgT/J=0.05. In(a) The situa-

tion of a deeper minimum for the vertical phagé,& —0.8<¢)

is shown. The region between the vertical domains are in-plane

magnetized domaingb) Exhibits the microstructure for the situa-

FIG. 4. Microstructure of the state of coexisting phases for
KS=E,, K,=—0.8Ey, andkgT/J=0.05. (a) Perspective view
of an enlarged part of the sample. For clarity only one row out of
two and one moment out of two in the row are drawn as cofis. tion that the energy minimum for the in-plane phase is deeper

Frequency distribution of the magnetization orientation. The popu(K2: —1.JK§”). Note that vertical domains remain at the edges

lation frequency is given as a function of the magnetization com- . . - . .

. . ._and in the center of domains with “rotating” in-plane magnetiza-
ponent along the normal. The plot is generated from the simulatior). . . . . ;
shown ina tion. They will shrink to the center of vortices found in the in-plane

phase.

decreasind$'". This means that the frequencies of popula-

tion of the two phases of the magnetization depend on th8umber of Monte Carlo steps. This means that snapshots of
ratio KE'/K ,. the equilibrium microstructure can differ during the same
A top view of the microstructures of the state of coexist-Monte Carlo procedure. Different spatial arrangements of
ing phases is presented in Fig. 5. Figufe)Fepresents the domalns also depend on the starting conditions for identical
situation where the vertical magnetization is favored, whicH€/axation procedures. o
leads to the preponderance of vertically magnetized domains. 1 h€ multidomain state of the coexisting phase transforms
On a first glance the in-plane domains could be misleadinglyMt© & single domain state when the §ameelfe size is smaller
interpreted as walls. The magnetization profile, however, dethan the typical domain size for a givef; /K,. In that
viates completely from that of a domain wall. While in the Situation the ratio oK§'/K, defines the probability to find
wall a continuous tilting of the magnetization is expected, wethe sample in a vertical or an in-plane magnetized single
find that all spins lie in the film plane except for a thin domain state. Domains with an in-plane magnetization do
region, i.e., a wall, along the domain contoliig. 5a)]. not show a vortex structure in small samples. The mon-
The walls are not exactly described in our simulations as th@domain configuration is energetically preferred as the gain
mesh size is too large. If the in-plane orientation is morein the dipolar energy is lower than the loss in the exchange
favorable (deeper minimum an in-plane vortex-like struc- €nergy for small structures.
ture appeardFig. 5b)]. The vortex-structure is a conse- In conclusion, a strong influence of the second-order per-
quence of the minimization of the magnetostatic energy agendicular anisotropy on the microstructure of the spin reori-
no in-plane anisotropy is assumed. The vertical domains reentation transition is found. FdK,>0 a transition via a
main in the core of the vortices and at the sample edgesanted domain structure is established that yields a smooth,
Again a continuous transition between adjacent phases @ontinuous connection between the vertical domain structure
achieved via the microstructure. and the vortex structure with in-plane magnetization. For
We have explored the population of the different states oK,<0 a continuous reorientation via a state of coexisting
the coexisting phases as a function of time and size of theertical and in-plane magnetized domains occurs. The sizes
sample. The relative population of the in-plane and verticapf the vertical and the in-plane domains depend on the ratio
magnetizations persists for every relaxation process for af K$' andK,. The spatial arrangement of the domains can
given geometry. The spatial arrangement of the vertical andhange with time, while the frequency distribution of the
in-plane domains, however, can change with time, i.e., thén-plane and the vertical phases is invariable.
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