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Unified approach to thickness-driven magnetic reorientation transitions
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The magnetic structure of wedge-shaped C@1Ad) films has been analyzed in the thickness range of
around five monolayers where a reorientation transition takes place. The detection of two critical thicknesses
with an apparently new phase in between them can be understood by evoking general considerations of
stability and coexistence of phases. The analysis in terms of thickness-driven evolution in the anisotropy space
of the system leads to the determination of the surface anisotropy constants of first and second order in a most
direct and consistent mann¢60163-18207)11305-4

The experimental investigation of the magnetic reorienta- We analyzed the micromagnetic structure by means of the
tion transition in ultrathin films has been one of the challeng-scanning electron microscope with polarization analysis
ing issues in recent timésUnluckily, in most of the experi- (SEMPA) which allows a complete vector analysis of the
ments techniques have been used which cannot delivarrientation of the magnetizatidnThe films are grown on
spatial information, whereby the magnetic microstructure hasingle-crystal Agl1l) samples by electron beam evapora-
been excluded from consideration. Nonresolved domains dton at room temperature. After deposition, the Co film is
the reorientation thickness might induce the misleading conannealed to achieve a smoothening of the surf&cafter
clusion of the existence of nonmagnetic states and thus incuhis procedure, a well-defined domain structure is obtained
distortion of the information about the reorientation as hasvhich exhibits features of a configuration suggested by con-
already been discussédn addition, when an external mag- siderations of magnetostatic equilibrifrue to the wedge-
netic field is applied at the reorientation thickness, the filmshaped sample structure, the thickness dependence of the
can be driven into metastable states decaying into a multiddnagnetic microstructure can be directly visualized.
main configuration which exhibits strongly temperature- Figure 1 presents the vertical and in-plane magnetization
dependent relaxation constaftOnly a few studies have Of the Co/AU11l) wedge in the thickness range where the
been performed which approach the reorientation transitio§Pin reorientation takes place. The images in Figb) &nd
with emphasis on the evaluation of the microstructtrfeit 1(c) were taken simultaneously, utilizing the advantage of

seems that the difficulties in measuring, computing, and inth€ tWo-component polarization analysis, and refer to the do-

terpreting the micromagnetic structure in ultrathin films haveain structure of the indicated magnetization component.

made the connection with fundamental considerations of sta.'¢ IMage in Fig. (&) was generated by superposing analo-

o . . gous images as shown in Figgbland Xc). Domain struc-
b||_|t_y obs_cure. In this paper, we report the detectlc_)n of tWOture with vertical orientation of the magnetization can be
critical thicknesses and an apparently new phase in betwe

hem b il ved . | ob . en on the low-thickness sifleft-hand side(LHS) of the
them by spatially resolved experimental observations on Cof,a04  The vertically magnetized state extends up to a

Au(11D films. We demonstrate that a general interpretayhickness where a rapid decrease in the size of the domains
tional sphgme provides for the consistent understandmg afan be observed. On the RHS, domains with dominantly in-
these findings, whereby the regime between the two criticghjane magnetization are found. Obviously, what one detects
thicknesses is identified as a state of the coexistence of inp the intermediate region which appears as a gagrey-

and out-of-plane magnetization alignments. The three majogone regimgis the reorientation transition itself without any
ingredients of the proposed fundamental approach are thecognizable domain structure in the image. On the low-
stability analysiswhich determines the structure of the an- thickness side, the grey zone follows immediately after the
isotropy space, thanisotropy-flow conceptvhich provides breakdown of the vertically magnetized domairs detailed
general insights into the possible types of behavior of thénigh-resolution investigation reveals that in the grey-zone
system, and th@henomenological ansafor the thickness thickness regime domains of the size of 300—500 nm with a
dependence of surface anisotropy. The scheme leads to tkertical magnetization component can be found. The contrast
straightforward calculation of the first and second anisotropygets weaker with increasing thickness. In the in-plane com-
constants. In its entirety, the approach represents an alternpenent, domains of greater extension with deteriorating con-
tive method for measuring surface anisotropies with hightrast can be found. The contrast increases slightly with thick-
accuracy. ness. The total signal, investigated by line scans, is strongly
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wedge after a vertical magnetic field had been applied and
then turned off. The field was oriented so as to create a white
domain in our image. As mentioned above, this procedure
drives the vertically magnetized state up to the limit at higher
thicknesses and the transition appears to be sharp. In Fig.
2(b), the same section of the wedge is shown after it had
been heated to 470 K. The elevated temperature causes the
magnetized state to collapse again. A grey zone is formed
exactly below the thickness where the flip happens to occur
in Fig. 2(a). Domains are created at the low-thickness end of
the grey zone, i.e., at the thickness where the vertical mag-
netization disappearsnot resolved hepe Obviously, the
magnetostatic energy contribution brings about the reemer-
gence of a small-domain equilibrium configuration. Hence,
the grey region in Fig. @) is in the same state of magneti-
zation as discussed above for the film which had not been
magnetizedFig. 1). The results presented in Fig. 2 reflect
directly the relative positions of the individual critical thick-
nesses appearing in the different states of the CA/AL)

film system and indicate the metastable character of the
single-domain configuration.

There is no doubt that it is the strong thickness depen-
dence of anisotropy which underlies the above phenomena.
The competition between bulk, surface, and dipolar anisotro-
pies requires that the problem be examined against its natural
background and this is thanisotropy spacef the system.
The latter is spanned by the anisotropy constants of the sys-
tem which appear in the expression for the anisotropy free
energyF . For the case of an ultrathin filnk; 4 is

F o= K,Sir? 0+ K,sin'e, (1)

increasing thickness whered is the angle between the normal to the surfa@nd
the direction of the magnetizatiddl, while K, incorporates
FIG. 1. Domain structures in a Co wedge on(&ll) in the the shape anisotropy:

thickness range around the reorientation. The lower panel displays
the domains obtained with a vertical and in-plane orientations of K.i=K,—27M2. )
magnetization, respectivelya) was created by adding two similar ! !
images with slightly different magnification: The LHS shows verti- The reference state fdt, is the one withM || n. Clearly,
cal domains; the RHS shows in-plane domains; in between there iﬁne has to deal with a two-dimensional anisotropy space

a portion with a nonexistent or, at most, shallow struct(gesy with R _'IZ (d,T) andK,=K,(d,T). The description of the
17— ™M1 ’ 2 N2 1 .

zone. In that part, no clear in- or out-of-plane magnetization can be ffects of higher-order anisotropies h lona historv for
found. The Co thickness varies from three to six monolayers acros €cts of higher-order anisotropies has a long nistory 1o

the field of the image112.5 umx 112.5 um). The thickness in- ulk systems, but it is only recently that their importance for

creases in a direction slightly tilted downwards from left to right the m_agne_tlig behavior of ultrathin films has been
(see arrow recognized 3 In particular, the method of the torsion oscil-

lation magnetometry has been used for the first time in Refs.
reduced(by 60—70 % in comparison with the polarization 11 and 12 to deduce the higher-order surface anisotropy con-
values obtained in the domains on either side of the transiStant.
tion regime; this feature will be discussed elsewhere, since at The anisotropy space has a definite structure which is in-
this stage we cannot present a complete explanation of théuced by the existence of phases with different easy axes and
microstructure in this thickness regime. However, the situais determined in a standard stability analysisFof. The
tion changes considerably after the application of a verticathree possible phases with, correspondingly, vertical, in-
external field. Now the films are converted to a single-Plane, and canted easy axes are delineated by thick lines in
domain configuration of vertical magnetization which per-Fig. 3. In the fourth quadrant of the anisotropy space, there
sists up to the high-thickness limit of the grey-zone regime€Xistsa region of coexistencéor the vertical and in-plane
Hence, the regime with vertical magnetization is extended t®hases(shaded region in Fig.)3which means that herg,
higher thicknessegwith full polarization signal as com- has two local minima corresponding to the two competing
pared with the situation before applying a magnetic field. Inphases. At the lin&,= —K, the local minima are equally
that case the reorientation turns out to be abrupt and a flip aleep. The line in the anisotropy space where the shallower
the magnetization takes place in a very narrow thicknessinimum ceases to exist defines the boundary of absolute
range which can be seen in Fig. 2. Figur@2shows the instability of the corresponding metastable phase. Thus, in
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a K,=aK,;+b, (5
where the slope and the intercept are given by

a=Kps/Kiys, (6)

b= (KzpK s~ KagK1p+ 27K oM ?)/K . (7)

An immediategeneric classificatiorf the possible physical
processes results by observing that, depending on whether
the interceptb is positive, negative, or zero, different sce-
narios for the reorientation of magnetization with varying
thickness would occur. The full description involves a defin-
ing set of inequalities specifying the signs of batrandb.
Here we concentrate on the scenario relevant to the observed
peculiarities for our Co/A(111) films.

The central issue for the understanding of our experimen-
tal results is their projection onto the anisotropy space. By

P/ » virtue of the experiment, with or without external support
/ R\ from a vertical magnetic field, after switching off the field
4.75 5 ML there is no life for the phase with vertical magnetization be-

yond the thickness corresponding to the rightmost margin in

FIG. 2. Domain structure in a Co wedge on(Al1). The im- Fig. 2. By the theory, there is no l_ife ,Of e,ither stable or
ages show the vertical magnetization distribution. The magnetié“etas'[able type for vertical magnetization in the left half-
microstructure was investigated in zero figkinall residual fields ~plane of the K;,K,) space. Hence, the experimentally de-
cannot be excluded Thickness increases from left to rigf8.6 —  termined margin corresponds to the crossp&inif the an-

5.2 monolayers The size of the images is 45861 X 217 um. (a) isotropy trajectory with theK, axis. There remains the
was obtained after an external field had been applied. The brighguestion of whether the crosspoint is for a positive or a nega-
part is a single-domain configuration with vertically oriented mag-tive value ofK, and the experiment provides for the answer,
netization. The darker part to the right is due to in-plane magnetisince a second critical thickness is found latver thick-
zation as proved by vector analysis of the polarization detedidn. nesses. By the flow concept, lower thicknesses are bound to
shows the same section of the wedge after the wedge had begRe right half-plane. Peculiarities involving any phase other
heated. A grey zone emerges to the left of the former transition ifhan the vertical one can only be found in the fourth quadrant
(8. This portion is the same transition regime as in Fi@).1The  \yhere the shaded region of coexistence reigfg. 3.
borderlineslof this regime are mqued by the vertical lines; theHence, the linear anisotropy flow proceeds via the fourth
relevant points are labeled as in Fidcl3 quadrant and thus, inevitably, via the “shaded regime” of

~ ~ . _ Fig. 3. As a result of this combined reasoning, one comes to
the fourth quadrank;=0 andK,=—K,/2 define the ulti- (ezjize that the observed patterns of magnetization of Fig. 2
mate boundaries for the vertical and in-plane phases, respegre equivalent to a snapshot of the whole trajectory over the
tively (Fig. 3). _ range of thickness variation along the wedge.

Having found the structure of the anisotropy space for a Altogether, the wedge-shaped geometry enables one to
given free-energy expression in a rather general way, one caftope at once the thickness-driven evolution. At srdathe
now imagine that varying one of the relevant parametersysiem starts from within the vertical phase and evolves
thickness or temperature with the other one heI(_j fixed WOU,'%Iong the linear trajectonpZ upon increasing the thickness
force the system evolve along a specific trajectory. Thiggig 3. Its portion PR within the state of coexistence cor-
anisotropy-flow concept has been suggested in the context pfsnonds to the grey zone discussed in connection with the
bulk single-ion anisotropy" In order to make the concept gxnerimental findings. If a vertical magnetic field had been
quantitative, one needs to know the explicit dependence ofyplied, the vertical competitor is boosted to its border of
K; on the driving parameter which &in the experiments we  apsolute instability at the expense of the in-plane phase: i.e.,
report. Th|155|s provided by the widely used phenomenologithe system is effectively bound to one of the free-energy
cal ansatz minima and would not leave it until it disappears for a cer-

tain sufficiently large critical thicknesds . This corresponds

Ky(d,T) =Ky, (T)+ Kas(T) , 3) to the right border of _the _vvhite monodomain image in Fig.
d 2(a) and to the poinR in Fig. 3. After heating, the in-plane
phase reemerges in the whole region of coexistence up to its
Koo(T) own border of absolute instability at a smaller critical thick-
Ko(d, T)=Kop(T) + d - (4) nessdp<dg. Hence, the width of the grey zone reproduces

exactly the width of the transition and this corresponds to the
The subscripb stands for bulk, whiles labels the sum of segmentPR of the trajectory in Fig. 3°
surface and interface contributions kg andK,. Eliminat- Now that the one-to-one correspondence between the flow
ing d, one is left with a simple linear equation describing thediagram and its experimental snapshot is established, one is
trajectory of the system under a thickness-driven evolution:in the position to proposa new method for the experimental
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could be taken as the known bulk values for cobatf No-
K, tably, the first equation alone suffices to yiéld,, whereby
only dg is required and it is given by the experimentally
very-well-defined border of the white zone in FigaR For
the system under discussion we fikgs=0.80 erg/cnt and
K,s=—0.14 erg/cnt (room temperatupewith an estimated
error of about 5%.

Note that obtaining the above values presumed, on the
one hand, very general considerations and, on the other hand,
a direct experimental input of the thicknesshs and dy.

This provides for an independent consistency check on the
whole scheme. Indeed, inserting the required quantities into
the expression fob given in Eq.(7), one geth<O0 in ac-
cordance with the examined scenario which anticipates, but
does not by itself guarantee prior to the experimental-data
input, a negative intercept. Remarkably, the valueKaf
Shus determined is almost identical with the value of

plane and vertical phases are metastable across the common bor((J.)e?3 erg/cn? determined preVIOUSIy.In an entlrgly mdepe_n-
(shaded region The thickness-driven flows are linddq. (5)]and ~ 9€nt propedt;ﬁa based on micromagnetic ~domain
typified by the sign of their intercept with th¢, axis. Any non- ConS|derat|9n§,. Besides, the value df Colr‘2n[137ares reason-
trivial reorientation proceeds via the canted phase or via the shadedPly well with estimates by other authdfs'?
region of metastability. Our system is found to evolve along a seg- Altogether, we believe to have given a both detailed and
ment like AZ (b<0, a<0). Arrows on the linear trajectonrpZ  consistent physical picture for the reorientation transition in
indicate increasing thickness. See also text. Co/Au ultrathin films and an accompanying lucid method for
the determination of the surface anisotropy constertsand
measurement of the surface anisotropy constants of first and,s under the assumption that the bulk constants are those
second orderTo this end, one examines together the anisotknown from the literature. By implementing a cross-check

CANTED

VERTICAL

FIG. 3. The anisotropy space of the system. Stability analysi
produces the structurghree possible phases as inscribethe in-

ropy equations for the end poinis andR: experimentandtheoretical reasoning, the advantages of the
- - wedge-shaped geometry have been exploited to the full to
Ki(dg)=0, Ky(dp)=—K,(dp)/2, (8 identify a metrologically significant mapping'snapshot’)

where ds—dp gives the width of the transition and the of the thickness-driven flow of the system in the anisotropy

dependence has been suppressed, since both equations refate e

to the samer. The unknown quantities in Eqé3) are Ky

and K,, the rest coming from readind, and dg off the Y.M. gratefully acknowledges a Max Planck Society Fel-
image in Fig. 2 and from assuming thigt, ,K,,, and M lowship, work related to Contract Nd&560/NSF(Sofig).
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