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Biquadratic exchange in ferromagnetic/nonferromagnetic sandwiches:
A spin-polarized low-energy electron microscopy study
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The magnetic domain structure of Co/Au/Co sandwich layers grown ¢hl® is studiedin situ by
spin-polarized low energy electron microscopy as a function of Au spacer layer and top Co layer thickness with
the goal to better understand the causes and consequences of biquadratic coupling for the resulting domain
structure. It is found that biquadratic coupling not only strongly influences the coupling between the layers near
the zero of the bilinear coupling but also at spacer thicknesses at which strong ferromagnetic coupling occurs.
Biquadratic coupling appears in a spin reorientation transition between 4 and 5 monolayers. The existence of
bilinear and biquadratic coupling produces a wrinkled in-plane magnetiz4861.63-18289)05601-3

I. INTRODUCTION wich by spin-polarized low energy electron microscopy
[SPLEEM(Ref. 14] in zero external field. A prototype sys-

It is now well established that in many ferromagnetic/ tem which had been studied by a variety of techniques be-
nonferromagnetic thin film systen{sandwiches and super- fore, Co/Au/Co, was chosen for this purpose. Contrary to the
latticeg in addition to the Heisenberg bilinear exchange in-previous work, in which the Co layers had in general perpen-
teraction between the magnetizations in neighboring layerdicular magnetization, experimental conditions were used
also a biguadratic exchange interaction exists. The interlayexhich lead to predominant in-plane magnetization. A strong

exchange energy between neighboring laygrs then uniaxial in-plane magnetization is obtained if the first Co
layer is grown epitaxially on \W10. The out-of-plane
Eij=Ji(1—cos ¢)+J,(1—cose), (1) M component of this layer, which leads to a wrinkled mag-

netization, decreases rapidly with thickn€sand allows the

where J; and J, are the bilinear and biquadratic coupling simultaneous study of in-plane and out-of-plane coupling
parameters and is the angle between the magnetizationswhile the strong in-plane anisotropy provides a fixed refer-
M;,M; in the two layers. The biquadratic exchange is in partence for the coupling with the next layer.
intrinsic, that is a property of the electronic structure of the  According to previous studies of perpendicularly magne-
system, in part extrinsic, that is a consequence of the geqized sandwiches the Au spacer thickness of maximum AF
metric structure of the system. Several extrinsic mechanismgsoupling is 5.5:° 5.357 or 4.8 (Ref. 1§ monolayersML),
have been proposed and in part verified: nonmagnetithe second thickness with AF coupling 9Ref. 16 or 10.1
spacer thickness fluctuatiohdpose spins inside the spacer (Ref. 17 ML, with maximum F coupling in between at about
or at its interface$,and magnetic dipole formation due to the 7 ML. Thus 90° coupling can be expected at about 4 ML and
roughness of the magnetic layérghe intrinsic nature of the 6 ML but not at 7 and 8 ML unless, is abnormally large.
biquadratic exchange has been demonstrated in a number Phese considerations determined the Au thickness range se-
theoretical paper§.® Recent model calculations show nicely |ected. The thickness of the top Co layer was varied from
the dependence aof, upon spacer thickness and interface1 to 7 ML in order to cover both perpendicular and in-plane
conditions'® J, is oscillating like J;, has about twice the magnetization regions.
periodicity of J;, is phase shifted relative td,; so that
maxima ofJ, approximately coincide with zeroes df and
is much smaller thad, . The phase shift gives the possibility
that the biquadratic coupling determines the magnetic struc- The experiments were performed in the original LEEM
ture of the system near the crossover from ferromagrEjic  instrument described in Ref. 19 in which the original field
to antiferromagnetidAF) coupling. WhenJ;=0, then¢  emission gun was replaced by a spin-polarized illumination
=90° in the minimum energy configuration. This 90° cou- system with polarization manipulatétThe base pressure of
pling had lead to the discovery of the biquadratic couplingthe instrument was 210 1° Torr. During the depositions
by Kerr microscopy'! the pressure stayed in the T8 Torr range and was typically

The fact that), can be as large or even larger th&nin around 6< 10 % Torr. The W110) crystal could be heated
certain thickness ranges can lead to a rich magnetic phagem the back side by radiation up to 500 K and by electron
diagram, with an asymmetric phase for largh/J;  bombardment up to 2000 K. It was precleaned in the prepa-
ratios??!3 The goal of this paper is to explore the zero field ration chamber by heating for several hours in an oxygen
region of this phase diagram by varying the thickness of th@tmosphere at a pressure of abowt 06 Torr. Between
nonmagnetic spacer layer and of one of the ferromagnetithe experiments it was cleaned regularly by annealing at ap-
layers. This can be done most conveniently by imaging the@roximately 1400 K in 510 Torr oxygen for 30 min in
magnetic domain structure during the growth of the sandthe preparation chamber, followed by flashing to 2000 K in

II. EXPERIMENTAL
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FIG. 1. LEEM images of the submonolayer growth of Co on
W(110) at about 750 K. Electron energy 1.5 eV, field of view 10

um [(a),(c),(d)] and 8um (b) diameter. For explanation see text.

FIG. 2. Typical SPLEEM image seriesf @ 7 Co/6 Au/7
the main chamber. Criteria for a clean surface w@rghe  Co/W (110 sandwich. Row(@): Uncovered bottom Co layer. Row
absence of W carbide segregation at surface imperfectior9): & Au/7 Co. Row(c): 3 Co/6 Au/7 Co. Row(d): 7 Col6 Au/7
upon annealing at about 1300 K afig step flow growth of Co. Energy~1.22 eV; field of view here and in Figs. 5—7 approxi-
the first Co monolayer during the deposition at 750 K. This™atly 6<6 un.

rowth pattern is very sensitive to surface contamination b
gegregaﬁed or adsorbyed impurities which cause pinning of tﬁ/ pntrast became very wgak. On top of the stgck, the sggond
growth fronts and nucleation on the terraces. This is illus- 0 layer was deposited in 1 ML doses. Typ_|cal deposition
trated in Figs. 1a) and Xb) which show the initial growth of rates, both of Co and Au, were 1/8 ML/min. After each
Co on a clean and on a contaminated surface, respectivel .onolayer dose, a measurement cycle was performed to

The first monolayer is filled in two steps: First, a pseudomor- onitor the resulting magnetic structure. The images were
phic (p9 monolayer is formed in which close-packed acquired from the final screen using a CCD camera. For each

(cp) islands nucleate and grow until the cp monolayer ismagnetic.image, two images resulting from the average of 64
completed. Figure (£) shows a typical image of an incom- consecutive video frames were taken. Between each image
plete ps ML' Fig. 1d) an image of an incomplete cp ML the polarization vector of the incident electron beam was

The strong contrast between the uncovered W surface and vgrted. The magnetic signal was then obtained by a nor-
ML regions in Fig. 1c) and between the ps and cp ML alized subtraction using the formula

regions in Fig. 1d) allows a very accurate determination of _ _
the time needed to complete the ps and cp ML'’s. The A=127+100K(1 =1 )/, +1-), @
completion of the ps and the cp monolayer provides a precis@here A is the normalized asymmetry is a contrast en-
rate calibration before each experiment. After completion ofhancement factor ranging from 7 to 15, anhd,|_ are the

the cp monolayer the temperature was reduced to about 4Gtensities of the images with opposite spin polarization. Due
K and the deposition continued to the desired thicknesso noise the resolution in these SPLEEM images is not as
(7 ML). At this temperature the mobility is high enough and good as in the original LEEM images and varies from 20 to
the two-dimensional nucleation rate low enough so that largg0 nm at the worst, depending upon the magnitude of the
terraces form(several 100 nm diametewhich show pro-  magnetic signat!

nounced thickness dependent quantum size contrast. This

contrast allows to observe the completion of the successively . RESULTS

grown layers and the characterization of the Co film rough-

ness. Once the desired Co film thickness was reached, the The kind of SPLEEM images taken during the growth of
heating was turned off. After the temperature had decreasdtie sandwiches is illustrated in Fig. 2. It shows three images
to values slightly above RT Au was deposited as a spaceir every growth stage witR parallel to W[1-10], [001] and
layer. The Au deposition rate was calibrated before the C$110] from the left to the right. Th¢1-10] direction is the
deposition by the time needed to form 1 ML. Only the initial easy axis direction in the bottom Co layer. Therefore, there is
growth of the Au layer could be monitored via quantum sizeno magnetic signal in th¢001] image. The[110] image
contrast. In the later stages of growth of the spacer layer thehows the perpendicular componentMf Row (a) shows
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FIG. 3. Distributions of theM directions extracted from the

7Co/6Au/TCo/W(110)

images in Fig. 2. For explanation see text.

the images of the bottom Co layer, rd) those after depo-
sition of 6 ML Au, row (c) those after deposition of 3 ML
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on the Au-covered Co laye(not shown. At 3 ML Co
[row (c)] very weak in-plane contrast appears again and the
out-of-plane contrast has its maximum intensity. It replicates
the domain structure of the bottom layer perfectly in the
regions in which the substrate step density is low and has
much larger domains than the bottom layer in regions
with high substrate step density. From 4 to 5 ML Co a dra-
matic change occurs: the out-of-plane contrast disappears
and strong contrast is now seen in both in-plane component
images(¢=0°, [1-10] and ¢=90°, [001]). This M distri-
bution does not change up to the thickest top Co layers stud-
ied [7 ML, row (d)].

The trends seen in Fig. 2 are, with minor deviations, typi-
cal for Au spacer thicknesses from 4 to 8 ML, the thickest
spacer studied. In the sandwich with 3 ML Au the in-plane
and out-of-plane contrast does not disappear at about 2 ML
Co and develops strongly again with increasing Co thick-
ness, completely replicating the domain structure of the bot-
tom layer. This is probably due to F coupling through gaps in
the thin Au spacer. The trends seen with the thicker spacer
layers may be summarized as followsi) The minimum
contrast in the 0° image occurs at 2 ML Go) The out-of-
plane component image has maximum contrast at 3—4 ML
Co. (iii) The relative contrast of the 90° and of the 0° com-
ponent images increases with the thickness of the Au spacer
and also somewhat with increasing thickness of the top Co
layer within the thickness range studied. These trends can be
quantified by calculating pixel by pixel the local direction of
M from the threeM component images and displaying them
in a locally orthogonalized projection of the unit sphere. This
is illustrated in Fig. 3 for the example shown in Fig. 2. The
center is the 0° direction, to the left and the right are the
+90° directions and the out-of-plane directions are at the top
and at the bottom. Figure® shows that the 6 ML Au have

Co, and row(d) of 7 ML Co on top of the Au spacer. The not changed the uniaxial anisotropy of the bottom Co layer.
6 ML Au weaken the signal due to spin-independent attenui ML Co (b) causes already such a strong magnetic signal
ation but change neither the in-plane nor the out-of-pléine  attenuation that the magnetic order in the bottom layer is
component distributiofrow (b)]. 1 ML Co strongly reduces hardly recognizable. 2 ML Co smears out the appaidnt
the contrast and at 2 ML Co no in-plane contrast is recogdistribution even morgnot shown. At 3 ML Co (c) the
nizable while the out-of-plane contrast is already larger thafbut-of-plane orientation is dominating but at 4 ML Qd)
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FIG. 4. Peak positions of the in-plarid distribution in the
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there is already a significant in-plane component which leads
to intermediateM orientations and finally from 5 to 7 ML
[(e) and (f), respectively M is completely in-plane but ro-
tated with respect to the easy axis direction of the bottom Co
layer. The anglep of the maximum of theM distribution in

the top Co layer of the complete sandwich depends upon the
thickness of the Au spacer as shown in Fig. 4. No measure-
ments were made at 9 ML, unfortunately, so that it is not
clear whether or notp=60° is the maximum value.

The coupling of the 0° component is ferromagnetic at all
Au spacer thicknesses studied except at 5 ML Au where it is
AF. This is illustrated in Figs. @& and Se) for the 0° com-
ponent and in &) and 8d) for the out-of-plane component.
The out-of-plane image of the Au-covered bottom Co layer
(b) shows only locally out-of-plan#, with most of the im-
age at the neutral grey level. The same is true after deposi-
tion of 4 ML Co but with reversed contrast corresponding to
AF coupling (d). At 3 ML Co (c), however, where the out-
of-plane component has its maximuM, is perpendicular in

completed sandwich, measured from the easy axis direction in ththe whole top layer, with AF coupling wherever there is an

bottom Co layerW[1-10]).

out-of-plane component region in the bottom layier. The
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FIG. 5. SPLEEM images from various growth stages of a 7
Co/5 Au/7 Co sandwich.(a),(b)] In-plane and out-of-plane image
of the Au covered bottom layek(c),(d)] Out-of-plane images after
deposition of 3 and 4 ML Co, respectively, on top of the Au spacer.
[(e),(f)] 0° and 90 ° in-plane image@ W[1-10] and WO001], re-
spectively after deposition of 6 ML Co.

FIG. 7. Topographic imagéa), 0 ° (b), 90 ° (c), and in-plane
angularM distribution (d) images 6 a 7 Co/6 Au/7 Co sandwich
grown near room temperature. The four grey levels indicatdvthe
directions marked by arrows. Imag® was taken after the deposi-
tion of the bottom Co; image&) and (c) after completion of the
sandwich. Electron energy 1.2 eV.

development of thg 90° component does not seem to depgnd IV. DISCUSSION

upon the type of interlayer coupling, F of AF, as seen in

Fig. 5(f) and in the dependence @f upon spacer thickness  The initial strong contrast decrease with increasing thick-
(Fig. 9. ness of the top Co layer mentioned in Sec. Il is attributed to

AF coupling is known to depend strongly upon the struc-the strong absorption of spin-down electrons in(@ef. 22
tural perfection of the spacer layer which can be varied byso that the subsequent contrast increase may be attributed to
the deposition conditions. For this reason sandwiches with the magnetization in the top layer. The most striking results
5 ML thick Au spacer were also prepared at elevated temwhich have to be explained afg biquadratic coupling, that
peratures(=400 K) at which the Au crystallites become is a 90° component dfl, is present in all except the thinnest
larger and, therefore, the surface of the Au film rougherlayer which has pure F coupling, possibly mediated by mag-
Figure 6 shows the consequences for the magnetic structureetic contacts through pinhole@i) The 90° component ap-
Figures 6a) and Gb) are the 0° images after Au deposition pears suddenly in the transition from 4 ML to 5 ML simul-
and after completion of the sandwich; Figcpis the 90° taneously with the disappearance of the perpendicular
image of the complete sandwich. There is no 0° couplingcomponent, reminiscent of the spin reorientation transition
whatsoever but only a very fine-grained weakly pronouncedSRT) in Co layers on A@11).2 (iii) The parallel compo-
domain structure irfb) but pronounced domains iig). Cou- nent always reproduces the domain pattern of the bottom
pling is, thus, predominantly biquadratic. layer but the 90° component has a completely unrelated do-

For comparison with the wrinkled magnetization in Co main structure which varies strongly from experiment to ex-
layers on W110) in which the wrinkling is out-of-plan&®  periment and frequently has much smaller domains. An
Fig. 7 shows the in-plane wrinklé&d) in the top Co layer exception is the system grown at elevated temperature
caused by the noncoincidence of the 0° and BDdistribu- (=400 K) which at the AF coupling thickne$s ML) shows
tions for a typical examplea 7 Co/6 Au/7 Co sandwich and no AF coupling but only decreasing F contrast in the parallel
the relation of the wrinkle to the substrate topography whichmage and increasing perpendicular contrast up to 4 ML.
is transmitted through the bottom Co lay@l. Image(d) is  After the SRT at 5 ML the parallel contrast is very fine-
obtained from imagegb) and (c) by calculating pixel by grained while the 90° domain pattern is much more coarse-
pixel the in-plane rotation angleé and assigning to eaclt  grained.(iv) The rotation of the averagd direction in the
value a grey level in the image. top layer relative to that of the bottom layer increases with
Au spacer thickness; this indicates an increadiyj; ratio
because in equilibrium cag=—J,/2J,. If there is no anisot-
ropy in the top layer)J, has to be larger thad/2 for M to
rotatel?

The fact that biquadratic coupling is everpresent, even
close to the extrema af; (5 ML and 7 ML) at which the
intrinsic J, should be negligible, suggests that it is extrinsic.
The most likely extrinsic mechanism are spacer thickness
fluctuations leading to alternating F and AF couplirand

FIG. 6. Domain structurenia 7 Co/5 Au/7 Co sandwich grown bipolar coupling caused by the roughness of the Co-Au
at elevated temperatur@) 5 Au/7 Co/W(110). [(b),(c)] Completed interfaces’ Bipolar coupling can not only produce a notice-
sandwich, 0 ° and 90 ° image, respectively. able J, but contributes also to the perpendicular
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anisotropy>*?® adding to the Au/Co interface anisotropy. on W(110. The out-of-plane(¢) and the in-plane(¢) M

The largest value ofp in Fig. 3, $~60°, requires|J,|  wrinkle have, however, quite different causes: competition

~|J,|, and this at 7-8 ML wheré, has its maximum value between in-plane and out-of-plane anisotropy there, compe-
[0.016 erg cm?,*€0.03 erg cm? (Ref. 18] so that), should tition between bilinear and biquadratic coupling here. A mi-

be about 0.02 erg cif. Calculations in the free electron croscopic model of the competition between differently

approximation for flat interfaces give much smaller/J, ~ coupled regions leads to the picture of static magnetization

30
ratios*~® Recent more sophisticated calculations of the bi-V&Ves:

quadratic exchange parameters near(fl@) surface of Fe, The sudden transition from the perpendicularcompo-
for example, give a biquadratic/bilinear ratio of about 1/6 in"ent to the 907and parallél M component is a SRT which
the close-packed directioR8.Ab initio calculations for the IS, however, quite different from that of Co layers on thick

23 o H
system Co/Cu/Cd.00) with flat interfaces and semi-infinite Au(11D) layers on W110.” There, no 90° component is
Co subsystems show an amplitude rafig/J; of about SE€€N because there is no Co layer to couple to and the strain

1:102" With increasing interface roughneds/J; increases " the epitaxial Au layer on the W10 surface leads to a
significantly. In a spacer with the average thicknesa bflL.  Uniaxial in-plane anisotropy. Here, the strain is assisted by
consisting of about 40% ML, 50% n+1 ML, and 10% the bilinear coupling while the_biquad_ratic coupling intro-
n=2 ML thick regions, for example, biquadratic coupling is duces th? 90° component, causing the m-_plane rotatidn.of
energetically more favorabfd.In the absence of realistic 1€ differences of the domain sizes in the out-of-plane

intrinsic J, values for the Co/A(111)/Co system only gnd in-planeM images h_avg been anlt with previoué‘rrf?
roughness will be considered here. in-plane the monodomain is the minimum energy configura-

The bottom Co layer was prepared for optimum smooth ion in the absence of magnetic defects such as those caused

ness. The surface under these conditions is a three-level s;gy subs_trate steps; out-of-plgne th_e stripe_d or checkerboard
tem with average terrace sizes of several 100 nm diamet tten is preferred due to dipolar interactions. New are the
made visible by quantum size contrd&fThe growth of Au omain size differences in the in-plane components. They
on this surface close to room temperature is too fine-graine an b? accountgd for as follows. The paraMeIcomponent

to be followed via quantum size contrast. RHEED patterns o omain pattern is already present before the SRT. It is deter-

the growth of Au on C(001 have been interpreted as mined by the bilinear F or AF coupling with the bottom layer

smoothing of the Co surface by the first 1.5-2 ML Xu. and, therefore, completely reproduces the bottom layer do-

However, it is unlikely that the Co surface itself becomes,main pattern. The SRT only increases the magnitude of the

smoother, rather the Au-covered surface by filling in '[hem'pIane paralleM component. The S0M component do-
lower levels of the Co surface with Au. This is suggested b))ﬂ ; ; ; CT
the topographic images of highly stepped regions in whic he presence of the biguadratic couplm_g. Its dqmam size is
chainlike contrast develops between the smaller Co islandé'9€ly influenced by roughness fluctuations which cause in-
during the initial Au deposition. Above 2 ML significant plane dipoles and corresponding direction changes. The

roughness develops as seen in the appearance of a RHEE 'pkness fl_u_ctuations depend stro_ngly on the detailed depp—
transmission pattern. In LEEM this leads to the loss of topo-smon conditions and can change inadvertently from experi-

graphic contrast. This suggests the model of a smooth bofnent to experiment. There is an indication of a slight domain

tom Co-Au interface and a rough top Co-Au interface, withg_rOWth with incregs_ing top layer thickness which can be at-
uted to the striving for monodomain formation. The re-

increasing roughness in the spacer thickness range studi g J ) o
here. The lateral dimensions of the Au crystals are below thy€rse situation, that is the_ for.mat|on of _small domam_s n
LEEM resolution limit which may be as poor as 50 nm underp.arallel M and large domains in 90 during the SRT is

the poor contrast conditions encountered. The crystals mu m'ply due t'o the fact that the Au' film Is no.t cont'inuous
be at least several ML's thick in order to produce the re-during the high temperature deposition as evident in the F
ported RHEED pattern intensity distributioffs. pattern up to the SRT at the thickness at which maximum AF

In any case, the Au surface is certainly rougher than th&oupling is expected. This is an extreme case of interface

bottom Co surface, that is at least a three-level system anr@ughness and thickness flucf[L_Jations S0 thais d_ominat—
consists, for example at 6 ML Au thickness of at least 5, 6,"9: Under such growth conditions no AF coupling can be

and 7 ML thick regions with lateral extensions of less than€XPected.

100 nm. This means that the sandwich consists of many very

small AF, 90° and F coupled regions which are needed in the V. SUMMARY

thickness fluctuation model of the biquadratic coupling. The '

observation that the 90° component appears suddenly in the We have presented a microscopic picture of how the vari-
transition from 4 ML to 5 ML suggests that already the ous forms of magnetic interlayer interactions influence the

5 ML Au film has a significant 6 ML fraction. In view of this magnetic domain structure of Co/Au/Co sandwiches. The re-
roughness the magnetic dipole mechanism probably alssults show that biquadratic coupling is always sufficiently

contributes tal, which is proportional to the square of the strong in this system to have a major effect on the virgin

height differences.The M distribution in the top Co layer domain structure. The spin reorientation transition in this

can be obtained by vector addition of the intensities of thesystem leads to a rotation of the magnetization of the top
two in-plane component images. This was done in the samlayer relative to that of the bottom layer by as much as 60°,

manner as previously for in-plane and out-of-plane images oihdicating equal magnitude of bilinear and biquadratic ex-

Co layers on W110).™® The result is shown in Fig. 7. Thig  change even at the maximum of the bilinear exchange. The
angle image is very similar to thangle image of Co layers extrinsic thickness fluctuation and magnetic-dipole mecha-
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nism can qualitatively account for the observations. TheOnly when the Co films are so thin that their Curie tempera-
strong biquadratic coupling contribution leads to a wrinkledture T is below the temperature at which structural changes
in-plane magnetization in the top Co layer in which the do-occur is it possible to recover a state similar to the original
main boundaries are determined by substrate steps similar the by annealing abovE. and cooling in zero field! This
the wrinkled out-of-plane magnetization in Co layers onjs rarely the case as the sample shows which was grown at
W(110. elevated temperature.

It should be noted that the usual methods for the study of
interlayer interactions which make use of an external mag-
netic field cannot study the zero field line of the phase dia- ACKNOWLEDGMENT
gram. Once the system has been magnetized it cannot be
brought into the zero field virgin state any more because this The authors wish to acknowledge the loan of the
would require to create a huge number of domain wallsSPLEEM equipment by the TU Clausthal, Germany.
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