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Roughness-induced coupling between ferromagnetic films across an amorphous spacer layer

P. Fuchs; U. Ramsperger, A. Vaterlaus, and M. Landolt
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The exchange coupling between an amorphous ferromagnet and a polycrystalline Fe layer across an amor-
phous AuSn spacer is studied by spin-polarized secondary-electron emission. No antiferromagnetic or oscilla-
tory exchange coupling is observed. Instead, we find a coupling of unexpectedly long range which favors
perpendicular alignment of the ferromagnets at larger spacer thicknesses. At a spacer thickness of 30 to 50 A
the magnetization direction of the top Fe layer continuously changes from ferromagnetic to 90° alignment and
remains in its perpendicular orientation for AuSn films up to at least 100 A. The rather weak thickness
dependence of the observed coupling points at a recently proposed magnetic dipole interaction as possible
mechanism. Following models by Demokritev al. and by Nel and using the roughness parameters extracted
from scanning tunneling microscopy we calculate the coupling strengths of the dipolar interactions. The
experimental results can be described with the models. We confirm that in structurally disordered multilayers
roughness-induced magnetic dipolar interactions can cause biquadratic as well as bilinear coupling, while the
guantum-mechanical exchange is strongly suppressed. The calculated coupling strengths set an upper bound of
0.002 erg/cth for the quantum-mechanical exchange across this disordered metallic spacer.
[S0163-18297)04317-8

I. INTRODUCTION Various models based on exchange have been put forward to
describe the biquadratic couplifi$j:*° Moreover, a magnetic
The discovery of oscillatory exchange coupling betweendipole mechanism arising from interfacial roughness and re-
ferromagnetic layers separated by a nonmagnetic spdcer sulting in long range biquadratic coupling has recently been
has triggered a rush of experimental and theoretical investiproposed by Demokritoet al,?® and experimentally con-
gations. Various studies established that oscillatory exchang@med by the same grou.In the present study we will
coupling is a general phenomenon for most transition-metgbrovide further evidence of the importance of this dipolar
and noble-metal spacetdzurther progress was achieved by coupling mechanism.
preparing high-quality epitaxial trilayers with wedge-shaped Another issue of interest is the role of disorder within the
spacers, where the coupling exhibits multiperiodicbulk of the spacer material. The surprising observation of
behavior’® Along with these experimental findings several oscillatory exchange coupling across amorphous semicon-
theoretical approaches have been proposed to explain thictors by Toscanet al?! has indicated that oscillatory ex-
physical origin of oscillatory exchange couplifi§in metal-  change coupling even exists in the case of nonmetallic as
lic multilayers the exchange interaction is propagated bywell as noncrystalline spacer materials. This calls for an ex-
conduction electrons and the different existing theories aréension of the established theories of the exchange coupling.
obtained as limiting cases of the same underlying physicsSubstitutional alloys, furthermore, offer the possibility to al-
starting from different points. The most common descriptionter the electronic structure by varying the composition and
is a Rudermann-Kittel-Kasuya-Yosida-tyd®KKY) cou-  thus to analyze the relationship between the coupling and the
pling modified by taking into account the discreteness of theelectronic structure. This kind of “Fermi-surface engineer-
spacer materidlIn another picturéquantum wells produced ing” has been carried out in several experiments on crystal-
by the different spin states of the electrons in the ferromagline Cu alloys with different substituent$;?°and the results
nets can explain the oscillatory behavior of the coupling. Inare understood in the frame of RKKY couplifg?® Beyond
both cases the exchange is strongly related to the topology dliat, the influence of substitutional disorder at the interfaces
the Fermi surface and the discreteness or the periodicity cdnd in the bulk of the spacer has been studied from first
the spacer material. These basic principles have recentlyrinciples?’?®However, magnetic interactions @morphous
been confirmed byab initio calculations:® Furthermore it alloy multilayers have not been explored experimentally up
has been discover&dthat in the transition region between to now. From a theoretical point of view the definition of a
ferromagnetic and antiferromagnetic coupling the magnetizaspherelike Fermi surface is still possitiand an RKKY-like
tion of the two ferromagnetic films favors perpendicular ori- coupling mediated in the free-electron gas by spin-density
entation which usually is parametrized in a biquadratic exwaves seems to be imaginable although the structural peri-
pression. First this biquadratic coupling only appeared at thedicity is absent in the amorphous state. In fact, predictions
crossovers where the oscillatory term vanishes. Recent olfer oscillatory exchange coupling exist even in the limit of a
servations have shown that this type of coupling can be ofree-electron approximatioft’ Therefore amorphous muilti-
considerable strength with antiferromagnetic spateasd it  layers seem to be a good candidate to question the existing
can—mainly at low temperatures—even dominate the extheories.
change interactions in the presence of interface rougHiess. Along this line of thought we have set out to investigate
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magnetic interactions between two ferromagnets across an

amorphous metallic AuSn alloy spacer. Surprisingly we find FeNiB Fe/ AuSn / FeNiB
magnetic coupling to exist which is of unexpectedly long

range and which favors perpendicular alignment of the fer- T
romagnetic layers at larger spacer thicknesses. No antiferro- ”’ 194 Fe

magnetic or oscillatory behavior of the coupling is observed. [ Fenia_| 52A Ausn

At a spacer thickness of 30 to 50 A the coupling changes m ] [ R ]

from ferromagnetic to 90° alignment and remains in this
state for spacer thicknesses of up to 100 A. Structural analy-
sis of the substrate by scanning electron microsa&iM)

and scanning tunnel microscop$TM) has revealed a cer-
tain surface roughness which can give rise to magnetic di-
pole fields outside the ferromagnetic layer and result in mag-
netostatic coupling. We confirm that these roughness-
induced dipolar interactions can play a decisive role and
even dominate the coupling. The results are quantitatively
discussed in terms of magnetic dipole interactions following
the models by Demokritoet al?’ and by Nel ! From these
calculations we can estimate an upper bound of about 0.002
erglcnt for the strength of a RKKY-like coupling in the
present amorphous alloy.
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FIG. 1. SPSEE hysteresis loops of the FeNiB substfki
Il. EXPERIMENTAL panel$ and of a 90° coupled Fe/AuSn/FeNiB trilay@ight panel$
at 40 K. The nominal AuSn spacer thickness is 62 A. lllustrated are
As an experimental tool for magnetometry we utilize the in plane components of the spin polarization paréttsh pan-
spin-polarized secondary electron emissi@PSEE*? In  elg and perpendiculafbottom panelsto the external fieldH oy
this technique the sample surface is irradiated by an unpolar-
ized primary electron beam of 1 keV. A cascade mechanisref about 66 at. %. The deposition rates of Au and Sn are
generates low-energy secondary electrons of high intensitizdividually checked by a quartz thickness monitor. Addi-
and, in a lucky combination, of high polarization. The sur-tionally cleanliness and composition are verified by Auger
face normal emission of secondary electrons is subsequentijectron spectroscopy. The thickness is determined by the
submitted to a 100-keV Mott detector for spin analysis. Therelative changes of the Ae;M 4sM 45, the Au N\N;O,, and
polarization is defined aB=(NT—N|)/(NT+N|), where  the SnM¢M,M,s Auger intensities upon evaporatidh.
NT (N]) is the number of electrons paralf@ntiparalle] to  From the exponential variation of the Auger intensities with
the quantization axis of the spin detector. The chosen afincreasing layer thickness we conclude that the amorphous
rangement of the detector enables us to measure the twRuSn films grow homogeneously. The trilayer is completed
in-plane components of the spin polarization which is pro-by deposing a 15-A-thick Fe layer at the top. All prepara-
portional to the magnetization in a surface region of 4-5tons and measurements are performed at 40 K under UHV
A.33*This high surface sensitivity allows to directly probe conditions with a base pressure of 1® Torr.
the magnetization of the outermost layer and therefore makes
SPSEE a good instrument far situ analysis of multilayer
systems. We monitor the response of an exchange-coupled
surface layer and consequently study the coupling itself. As a The magnetic properties of the trilayer at fixed tempera-
ferromagnetic substrate we use an amorphous FeNiB alloture are determined by measuring the SPSEE hysteresis
ribbon with a low coercivity, mounted onto a horseshoeloops of the top layer. The results of a trilayer with a 62-A-
magnet. It is magnetized in plane and exhibits a magnetithick AuSn spacer is presented in Fig. 1, right panels. The
easy direction which lies roughly parallel to one quantizationcorresponding hysteresis loops observed before on the sub-
axis of the detector. strate are illustrated in the left panels. Depicted are the in-
As an amorphous spacer we use AuSn. We have chosenpéane components of the polarization parallgbper panels
AuSn alloy because the structure of noble-metal tin alloysand perpendiculatlower panels to the external field. The
has been studied very intensely in the past and their electricabp Fe layer shows a square hysteresis loop with the same
properties are well knowff**~*’ Among noble-metal com- small coercive field as observed on the substrate. This unam-
pounds AuSn exhibits the greatest stability and the temperddiguously indicates nonzero magnetic coupling between the
ture dependence of its transport properties is almost reversep layer and the substrate. Surprisingly the perpendicular
ible below the crystallization temperature of at least 250component of the top layer has become significantly larger
K.2>37 vapor-quenched AuSn alloys in the concentrationthan the parallel one. The magnetization of the top Fe layer
range from 20 to 80 at. % grow amorphously on glass subis at right angle with the one of the substrate. As a first main
strates held at 77 K or beloWw:*8For that reason we prepare result the coupling angle, i.e., the angle between the magne-
the AuSn layers at 40 K by coevaporation froedbeam tizations of the substrate and of the top layer, respectively, as
sources onto thi situ sputter-cleaned FeNiB metglass sur- a function of the spacer layer thickness is presented in Fig. 2,
face. We prepare Au-rich samples with a noble-metal contertop panel. Up to 30 A spacer thickness the Fe film

Ill. RESULTS
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clude that an RKKY coupling across amorphous AuSn does
Fe/AuSn/FeNiB T=40K either not exist or it is weaker than and covered up by the
120 prrrrrrrrr e dipolar effects discussed below. Generally, coupling across
: crystalline noble-metal spacers is reported to be rather
weak?*%“4! First experimental studies failed in detecting cou-
pling in polycrystalline Cu, Ag, and Au multilayefsinter-
face roughness as well as alloying in epitaxial or strongly
textured samples likewise tend to reduce the coupling
strengths>?°> The lack of oscillatory exchange coupling
across this amorphous spacer material now further supports
the accepted models for metallic multilayers which are based
on the periodicity of the spacer and the existence of a well
defined Fermi surface. Disorder alters the electronic structure
of the spacer material and the singularity in the occupancy
near the Fermi level is smeared out even at low temperatures.
This Fermi surface ‘“dusting” most likely suppresses an
RKKY-like coupling across amorphous spacers. On the other
hand, the present results shed some light on the previously
reported exchange coupling through  amorphous
semiconductor$! The findings suggest that the exchange
across amorphous semiconductors, where the electronic
structure is determined by localized defect states, presum-
ably is of quite different origin.

The main observation is the existence of pronounced 90°
coupling of unexpectedly long range. In most models which
attempt to describe this so-called biquadratic coupfiny
an intrinsic type of mechanism, arising from the electronic
structure of an ideal trilayer, is proposed. The resulting cou-
pling strengths are very small compared to the so-called bi-
linear one, and decrease rather fast with increasing distance
from the interface. Moreover, in these intrinsic models as
couples ferromagnetically to the substrate. Going to thickewell as in Slonczewsky’s fluctuation mechanirhe biqua-
interlayers the magnetization continuously changes its orierdratic coupling is somehow proportional to a RKKY ex-
tation from 0 to 90°. From 50 to at least 100 A the couplingchange. The present observations all are at variance with
favors perpendicular alignment of the ferromagnets. No anthese properties. However, a magnetic dipole mechanism re-
tiferromagnetic coupling or oscillatory behavior is found.  sulting in long-range biquadratic coupling has recently been

In the case of nonferromagnetic alignment the couplingyroposed® and experimentally verifietf This interaction is
strength can be determined by measuring the external field §zsed on magnetic dipole fields created by the interface
which the intrinsic coupling is compensated. The high sensirgyghness of the magnetic layers. In order to test whether
tivity of low-energy electrons to external fields, however, o ,ghness also in the present case is a possible cause of the

makes this measurement quite unreliable. As an alternativey,served coupling we have carried out structural investiga-
in the case of disordered magnetic films without any pre-

L e . tions by scanning electron microscofyEM) and by scan-
ferred magnetization direction and hence without remanenc%mg tunneling microscopy(STM). Straightforward SEM

thel qouplmg fstrhength IIS reflicted b.y thel'lnducc(jad abjolut tudies show that our amorphous Fe-Ni-B substrates exhibit
polarization of the top layer. Assuming a linear dependence,, remarkable surface structure. Only under gracing inci-

of the magnetiza_tion of the top layer on the exchang_e ﬁ?' ence of the primary electrons, at an angle of 82—85° from
fgr from saturathn, .the _measured remangnt polarlzatloqhe surface normal, a certain surface structure becomes vis-
gives a good qualitative picture of the coupling strength fory, e “gmath hills with a typical distance of a few 10 nm are
sufficiently weak cpuplmg_. Flgure 2, center panel, Sh.OWS th%Iearly recognizable. For a gquantitative analysis of the ob-
total remanent spin polarization versus interlayer thicknes erved surface roughness we perform STM measurements

Each data point represents an average over the full width qf |4, ultrahigh-vacuum conditions. A typical STM image of

the sample. Up to about 30 A the top layer magnetization isthe FeNiB surface is presented in Fig. 3. The surface of the

saturated. For thicker spacer films the coupling is S'gn'f"amorphous Fe-Ni-B samples is generally very flat, but com-
cantly reduced, but remains nearly constant and shows

) d of twork of Ilislands. Th I f
remarkable thickness dependence. We note that the absol P%)zezogoﬁzrg%(\gv?&rz i?nasgn(;ais 'ir{ﬁ; ?_9 A('a 3\;2?;;(;?13 E}ggi °

magnetization data exhibit some scatter over the whole Widtd%reas indicate peaks and valleys, respectively. From statisti-
of the sample, while the coupling angle is nearly unchange al evaluations of several images we extract characteristic
IV. DISCUSSION roughness parameters. The amorpho_us substrates exhib_it an
undulatory surface structure with typical peak to peak dis-
In the full thickness range we do not find antiferromag-tances of 20 nm and peak heights of 5 A. The structure does
netic coupling or oscillatory behavior. From this we con-not remarkably alter upon ion sputtering, a fact which is

spin polarization [%] coupling angle [deg]

coupling strength
[10 3 erg/cm2]

AuSn spacer thickness [A]

FIG. 2. Comparison of the coupling andlep panel, remanent
spin polarization(center pang] and estimated dipolar coupling
strengthgbottom panélversus interlayer thickness. The lines in the
bottom panel represent bilineéolid line) and biquadrati¢dashed
and dashed-dotted lineoupling as described in the text.
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FIG. 4. Schematic illustration of Demokritov’'s model for biqua-
dratic coupling(Ref. 20. Both magnetic films of thickned3 sepa-
rated by a spacer of thicknedsare magnetized in plan€ is the
angle between the top and bottom layer magnetizations. The bottom
film has periodic interfacial terraces with peridd and step
height 6.

o _ height § as illustrated in Fig. 4. From the exact form of the
FIG. 3. STM topographic image of a sputtered FeNiB alloy dipole field produced by this roughness the authors find that
surface. The gray scale range is 7.9 A. A sample voltage of 0.4 he energy of the magnetic-dipole coupling per unit area is

and a tunnel current of 0.5 nA are used to collect the image. proportional to co®. The corresponding biquadratic cou-

_ . ) pling strength is
supported by similar STM studies on various amorphous

ribbons?? We conclude that the observed surface roughness M4s2L (-1t ;{ 47d
— (2m— 1)}
L

indeed can give rise to magnetostatic coupling effects. —J,= A 21 2m=-1) ex
m:

V. MAGNETIC DIPOLE MECHANISMS 87D
x[z—exp[—T(zm—l)H, )

Generally, the coupling interaction between two ferro-
magnetic films across a nonmagnetic spacer layer can Bgnere
expressed by the following phenomenological equation:
K,L2
E=—J;co® —J,c0$0, (1) A=A+ S
whereE denotes the interlayer coupling energy per unit area,

; S L ith the intralayer ferromagnetic stiffnegs and the mag-
and O is the angle between the magnetization direction of__.. ; - ;
) . netic anisotropy constar€;. We would like to emphasize
the two films with respect to each othél, and J, are the Py L b

bili d biquadrati ling t fivel that the coupling strength depends on the characteristic
finéar-and biquadratic coupling terms, respectively. lengthL of the interface roughness and of course is indepen-
Next we attempt to explain the observed interlayer cou

pling in terms of dipolar interactions by strictly applying the ‘dent of the spacer material. The leading term is an exponen-
models by Demokritov etal?® and by Nel® The tial in —47rd/L and therefore in the case bf-d the inter-

: . ' X . action is of comparatively long range.
ro_ughness-mduced Q|pole fields can cause biquadratic cou- Laterally varying dipolar fields created by interface
pling an'd also contrlbute to the bilinear one. Th? model byroughness can also lead to a constructive interference and
Demokritov et al. is treated first because we wish to put

| ; . thus to a parallel or “positive” magnetostatic coupling as
some emphasis on the blq_uadratlc term. We note, howeve\was earlier proposed by WE®! The starting point is a rough
th,at ,the ggneral idea of th|_s mo_del IS .b_ased very _much OQypstrate which exhibits a topography similar to an “orange
Neel's original approach which yields bilinear coupling. We eel.” In contrast to Demokritowet al, Neel has assumed

briefly ?tehscrlbe Itthe I?asmdldteqf c?ehlnd tTe tWO. mh(idelsf aNthat the subsequently prepared nonmagnetic and magnetic
present the results. -or a detailed account we wish 1o reter tfglyers adopt the topography of the substrate and conse-
the original papers.

. . uently both interfaces are perfectly correlated, as is illus-
A perfectly flat ferromagnetic layer which is in-plane g y b y

magnetized does not produce a magnetic field outside itsel rated in Fig. 5. The magnetic dipoles of the two ferromag-
On the other hand, in the presence of surface roughness thgtIC layers are in perfect registry but shifted by one half
situation is different. Terraces at the interface of a film pro- M
voke a magnetic-dipole field outside the layer which decays ! _—
exponentially® with increasing distance sufficiently far away - -
from the ferromagnet. This field spatially changes its sign
corresponding to the typical scale of roughness. In the case “2h\ M/\
of a trilayer the magnetization of one film can be frustrated L ‘ —_—

by the laterally varying dipole field produced by the rough- > M

ness of the second layer, and vice versa. This can yield a

magnetic configuration where a perpendicular arrangement FiG. 5. Schematic illustration of N#s “orange peel” effect

of the magnetization directions of the two films is energeti-(Ref_ 31). Two magnetic films are separated by a nonmagnetic
cally favored. As proposed by Demokritat al?® one can  spacer of thicknesd. Both interfaces with a sinusoidal roughness
assume a periodical roughness with periodand terrace of periodL and amplitudeh are perfectly correlated.
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roughness parameters found by STM, namely typical heights
of 5 A with typical widths of 200 A, it is fair to assume that

\ — bilinear, J4 correlation does occur but only for thin spacer layers, where
- - biquadratic, -Jo | the adlayers are adopting the topography of the substrate.
With increasing spacer thickness the correlation is likely to
disappear. Therefore the bilinear coupling dominates over
the biquadratic one for thin layers, while the loss of correla-
tion for thicker interlayers results in preferred biquadratic
coupling. The values af; andJ, of the order of a few 10°
erg/cnt, on the other hand, together with the absence of

8 BRI L R B B B B LI LI

coupling strength [103erg/cm?]
-

R R T S R Vit 1=, oscillatory coupling set an upper bound for the RKKY-type
0 10 20 30 40 50 60 70 80 90 100 interaction of about 0.002 erg/énn this amorphous alloy.
spacer thickness [A] In order to further illustrate the observed transition from

the ferromagnetic to perpendicular alignment we as a first
~ FIG. 6. Calculated dipolar coupling strengths for bilinesolid  approximation assume a linear decrease of the correlation
ness as described in the text. interfaces are believed to be uncorrelated. Qualitative esti-

iod. It therefore is plausible that tic f | mates of the corresponding couplings are depicted in the
period. eretore 1S plausibie that magnetic iux closure ory, ., panel of Fig. 2. As expected, the bilinear term is

in another picture, magnetostatic-repulsion and attraction be; . . . :
X . . dampedsolid line) while the biquadratic one becomes more
tween the dipoles results in a parallel alignment of the ferro-

magnetic films. Nel extends this one-dimensional model to aqd more |mportar(tdashedllln£ For small spacers the cou-

the case where the roughness is periodical in two dimenpl',ng is strong and predominantly f_erromagneuc. At a spacer

sions, which is more appropriate to describe the present eshickness of about 30 A the coupling changes from parallel

perimental situation. He findthat the correlated roughness 10 Perpendicular alignment and the biquadratic coupling

at the two interfaces of the spacer layer leads to a contribydominates over the bilinear one. The biquadratic coupling is

tion to the bilinear coupling with the following coupling 9quite small, even if the roughness is assumed to increase by

strength: a factor of 2 with increasing spacer thicknédashed-dotted

line). This qualitative thickness dependence well reflects the
2 observed coupling strength, which for small couplings is ap-
lea hh"MM'exp(—2v2md/L). (3 proximately proportional to the spin polarization.

This bilinear coupling is quite similar to the biquadratic one

described above. In particular the attenuation with increasing VI. SUMMARY

spacer thicknesd is nearly the same for both effects.

~ Next we quantitatively evaluate the two roughness- |n this study we report that the coupling between two
induced dipolar coupling strengttig andJ, described above  ferromagnets across an amorphous AuSn spacer is ferromag-
in Egs.(3) and(2), respectively. We take the roughness pa-petic at spacer thicknesses below 30 A and favors 90° align-

gam_e’gers&, h, ta:cndlt_hfrom OL:.rt stt_ructutral an?l)t/_ss b]}’ STMBA ment above 50 A. Between 30 and 50 A the coupling con-
ecisive pointior the quantitative interpretation ot our o Ser'tinuously changes from ferromagnetic to 90° and remains in

vations is .the correlation of roughngss of the two interface his perpendicular alignment for AuSn spacers up to least
on each side of the spacer layer. First we assume complete

correlation of the two interfaces and compute the bilinearl00 A. Following models by Demokritoet al*® and Nelsl
interaction[Eq. (3)], and then we assume that the two inter- and using the roughness p_arameters directly obtained from
faces are entirely uncorrelated and calculate the correspon@ M studies, we have confirmed that the results can be un-
ing biquadratic interactiofEq. (2)]. Figure 6 shows the re- derstqod in terms of roughness-induced magnetic dipolar in-
sulting bilinear (solid line and biquadratic(dashed ling teractllons. Furthermore the absence of oscnlatory exchange
coupling strengths. As magnetic parameters we use knowkoupling across an amorp_hous spacer material supports the
bulk Fe values oA=2X10"° erg/cm,K,=4.5x10° erglen?, c_om_njonly accepted theories Wh!ch_strongly rely on the_pe-
and M=1746 u/cm®, and for the interfacial roughness we riodicity of the spacer. The quantitative analyses of the dipo-
take the values of 2= 5=5 A andL =20 nm from our STM _ lar interactions yield an upper bound of the exchange inter-
study. As illustrated in Fig. 6 both mechanisms exhibit abou@ction of 0.002 erg/cfnacross this amorphous spacer.

the same coupling strengths and nearly the same interlayer

thickness dependences. Ferromagnetic coupling is preferred

if the roughness at both interfaces is correlated and perpen- ACKNOWLEDGMENTS

dicular alignment is preferred in the uncorrelated case. From
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