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Interlayer coupling between FgO, layers separated by an insulating nonmagnetic MgO layer
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The magnetic interlayer coupling between two magnetic layers separated by an insulator was investigated on
Cog JFe, 0,4/Fe;0,/MgO/Fe;0, samples grown by means of molecular beam epitaxyGfii) MgAl,O,
substrates. The samples were designed to observe interlayer coupling of either sign. Hysteresis loop measure-
ments show that the F®, layers are ferromagnetically coupled in the thickness range 0—45 nm MgO. Below
a MgO spacer thickness of 1.3 nm, the coupling strength increases drastically with decreasing MgO thickness
and is ascribed to the existence of ferromagnetic bridges through the MgO spacer. The small ferromagnetic
coupling above 1.3 nm seems to arise from a magnetostatic coupling due to correlated interface irregularities.
[S0163-18297)07017-3

I. INTRODUCTION Il. EXPERIMENT

. . . A. Growth
Since the discovery that two magnetic layers separated by

a nonmagnetic spacer can be coupled ferro- or antiferromag- Samples were grown using a differentially pumped UHV
netically, this phenomenon has been studied extensively, aBalzers UMS 630 multichamber molecular beam epitaxy
though mostly in entirely metallic systemsSo far, studies System(MBE) equipped with electron beam evaporators for
on interlayer exchange coupling between metallic magneti¢he Fe and Co targets and a Knudsen cell for Mg. Oxygen
layers separated by nonmetallic interlayers, i.e., semicondudvas supplied through a ring-shaped doser located close to the
tors or insulators, are scarce. In an entirely oxidic System,substrate. Before and during the deposition, the atomic fluxes

Fe;0,/NiO multilayers, an indication for coupling of the Weré controlled by a crossbeam quadrupole mass-
magnetite(Fe;0,) layers across NiO was found for thick- spectrometer feedback system. The layers were deposited at

nesses below 5 nm, which was believed to be related to th@ Fate of 0'0.20'05 nm/s, at a substrate temperature of 590
antiferromagnetism of Ni®. K in an ambient oxygen atmosphere of 3 mPa. More details

Slonczewski proposed a theoretical model according " the preparation can be found e'$e_Wﬁere-
Two wedge-type samples consisting of a MgO spacer

which spin-polarized conduction electrons of Sem"'nf'n'tedeposited in the form of a wedge and one uniform sample

one- or two-band metallic magnetic layers tunnel from ONgare grown on(001) MgAI,O, substrates. One wedge
24 . -

layer to another across a nonmagnetic insulating mterl%\yertype sample was composed of a stack of 33 nm

As.a result .of t_his spin—polariz_ed tunneling, an effeCti_VeCoo_ﬂFez_gp4/32.5 nm FeO,/MgO wedge from O to 8.3
He|senberg-llke mteylayer coupling between the magnetlzahm/21_5 nm FgO,. The second wedge-type sample was
tions of the magnetic Iaye_rs across a nonmagnetl_c msulat_cgomposed of 30 nm GpFe,d04/30 nm FeO,/MgO
was predicted. The coupling is either ferromagnetic or am'Wedge from 2 to 45 nm/20 nm §©,. The uniform sample
ferromagnetic and the strength decreases rapidly with ing a5 composed of a stack of 27.5 nm GBe, §0,/30 nm
creasing interlayer thicknegguicker than exponentially Fe;0,4/5 nm MgO/20 nm FgO,. A schematic picture of the
The purpose of this study is to determine the interlayefyedge-type sample described first is given in Fig. 1. The
coupling of magnetite layers across a spacer of MgO, whictMgO wedge was deposited such that it covered only part of
is both insulating and nonmagnetic. Samples composed of #he bottom bilayer. Also the top E©®, layers was grown on
stack of CgqFe;_,O4/Fe;0,/MgO/FesO, layers were alimited part of the sample area. This sample design enabled
grown on (001) MgAl,O, single-crystal substrates. The independent investigation of the magnetic behavior of the
MgO spacer layer was either of uniform thickness or in thebottom and top magnetic layers.
form of a wedge. The purpose of the e, ,0O, base layer As we will show, the use of £001) MgAl ,0, substrate
was to increase the coercive field of the;Pg layer grown  yields relaxed ferrite layers due to the large lattice mismatch
on top of it with respect to the second §&, layer. This of —4% between the ferrite layers and tt@01) MgAl ,O,
enables one to distinguish the two f&&, layers magneti- substrate. N§@001) MgO substrates were used, although this
cally and to quantify both ferromagnetic and antiferromag-results in pseudomorphic growth of the multilaytre lattice
netic coupling. mismatch is only 0.3%and in addition yields a higher struc-
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FIG. 1. Schematic representation of a wedge-type sample used
in the MOKE studies. The relative shift of the 33 nm ) ] ) )
Co,Fe;_,0,/32.5 nm FgO, bilayer with respect to the top 21.5 nm | FIG. 2. Schemgtlc hysteresis loop for two magnetic layers with
Fe;0, layer allows the identification of the individual magnetic different coercive fields measured by means of MOKE. The largest

contributions. The thickness of the MgO wedge varied between §ontribution to the ellipticity originates from the top magnetic layer
and 8.3 nm. with the smallest coercive field and magnetic moment. The small

and large arrows indicate the magnetization direction of the mag-

tural quality. However, the tensile strain accompanying theetic layers. In the case of decoupled magnetic layers, the observed
pseudomorphic growth is undesirable in this case because hysteresis loop is given by the solid Ilne_. The hy_stereS|s loop in the
leads to a perpendicular magnetization orientation for th&@se of(a small degree offerromagnetic coupling between the
CoFe; ,04/Fe;0, bilayer due to the large negative mag- mag_netlc layers is given by the dotted curve; see text. T.he magne-
netoelastic constant of C(Ees—xozt-s’a The magnetization of tization process shown by the numbers is associated W|t_h_ a minor
the ton FeO, laver will be oriented in the film plane due to loop megsurement; see _text. The crosses denote the posﬂpns in the
Pre 4. y . p . . hysteresis loop from which the reversal field of the magnetic layer
the shape anls_otrqpy. Two dlfferent_ preferential orientations, .. - |ow reversal fieldH? | is determined.
for the magnetization of the magnetic layers would unneces- '

sarily complicate the analysis.
In situ reflection high energy electron diffraction of 175 um for the HeNe laser beam at the sample and the

(RHEED) experiments indicated epitaxial growth of each in- W0 wedge slopes of 0.9 and 3 nm/mm, respectively, yield a

dividual layer. During the CgFe; O, and FeO, growth, resolution of 0.16 and 9.53 nm MgO layer th|cknes.s for the

the RHEED pattern characteristic of a reconstructed spinél’®dge-type samples with maximum MgO spacer thicknesses

structurd was observed. The deposition of MgO resulted in a°f 8-3 and 45 nm, respectively. The MOKE studies were

RHEED pattern characteristic for the rocksalt structure. ~ Performed in the longitudinal geometry with the field applied
X-ray diffraction measurements with the scattering vector2!0nd in-plang110] and[100] directions.

perpendicular to the layer planes performed on the uniform

sample showed @01) texture. The measured perpendicular C. Modeling

lattice constant of the multilayer peak was 0.840 nm. The ] ) )
lattice constant of the oxygen lattice of the E@;_,O, The sign(ferro or antiferrg and strength of coupling be-

Fe;0, and MgO layers differs very little compared to the tween two magnetic layers across a nonmggnetic interlay_er
— 4% lattice mismatch with the MgAD,, substraté. There-  €an be meas_ured by the_hys_tere3|s loop if both magnetic
fore, one might expect that the lattice of the multilayer actd@Y€rs have different coercive fields. In the case of zero mag-
as one layer and a strain relaxation occurs at thd1€lic coupling between the two magnetic layers, a stepped
MgAl,O,/CoFe;_,O, interface. The observed value of hysteresis loop will be observed due to the different coercive
0.8400 nm is close to the bulk lattice constants of®g and fields_of th_e magnetic Iayers_. The steps correspon_d to the two
CoFe,0,, 0.8396 and 0.8381 nm, respectivlgnd there- coercive fields; see, e.g., Fig.(2olid curveg. Coupling be-
fore the CqFe; O, layer seems to be relaxed for the tween the magnetic layers will result in a change of the ex-
present samplse_sx 4Consequently the use of (091 ternal field at which the magnetization of each layer reverses
MgAl,O, substrate results in a n’wagnetoelastic anisotropi s orientation. In Fhe case dﬁntherroma}gngtic coupling,
contribution for the CoFe, ,O, layer which is zero or, if he (anti)parallel alignment of the magnetization of the mag-

any compressive strain is present, favors an in-plane magnE'—etIC Iatyerts_ IS st?zl]hzed andt_thle field |nterv?l at \;\IIhIICT' the q
tization direction of the Cgre;_,0,4/Fe;O, bilayer. As ex- magnetizations ot the magnetic layers are antiparallel aligne

. L . . . (increasepdecreases; see, e.g., Figddtted curve for small
glﬁg‘;d before, this is desirable for the magnetic COUpIInQ#erromagnetic coupling The shift of the reversal fields of

the magnetizations can be determined by either measuring a
major hysteresis loop, in which case the reversal fields of
both layers can be observed, or by measuring a minor loop
The temperature-dependent magnetic characterization efhich is only possible for the layer with the smallest coer-
the uniform sample was performed using a SQUID magneeive field. An example of an minor loop measurement is
tometer (Quantum Design, MPMS5 The wedge-type shown in Fig. 2: After saturation of the magnetizations of
sample was investigated using the magneto-optic Kerr effedioth magnetic layers by a large negative figddint 1 in Fig.
(MOKE) with a HeNe laser beam\(=633 nm) as well as a  2), the field is increased up to a valgaoint 3 at which the
diode lasekPhilips, CQL78440/D)\ =784 nnj at room tem- magnetization of only one layer is reverggabint 2). Subse-
perature. Local MOKE measurements were used to investiquently, the external field is decreased to a negative value
gate the thickness dependence of the interlayer coupling in @oint 5 at which the magnetization of the layer is reversed
similar fashion as done in, for example, Ref. 9. The spot sizédack towards its original positiofpoint 4). If one assumes a

B. Magnetic characterization
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single magnetic domain in each magnetic layer with magne- .
tizgtions only parallel or antiparallel to the e}pplied field', ana- ‘E 1.05_ o HI[110]
lytical expressions for the exchange coupling constanin 2 | e Hi[100]
terms of the reversal fields can be derived. Equating the cou- g osf
pling energy density J/t) and the Zeeman energy density £ _
difference between the stepped hysteresis loops in the ab-g %9

sence and presence of interlayer coupling, one obthins

ome

-0.5f

Magnetic

J=(HP=HPY) pot*ME (13

-200 -1I50 -100 -50I 0 . 50 100 150 2(I)0
=(Hro—HP) pot®MS. (1b) H (kA/m)

The superscriptsh and B, refer to the two magnetic layers . ) .
with low and high reversal fields, respectively. The thickness FIG. 3. The hysteresis loops obtained at 300 K of the uniform

- o - sample 20 nm Fg,/5 nm MgO/30 nm FgO,/27.5 nm
and saturri;\tlon mailgnetlzatlo_n of the. magnetlc Iayer; are d%00_2F32_804 grown on(001) MgAl ,0,. The two loops correspond
noted byt' and M, respectively, withi=A, B. The field

et MY ) i o to measurements with the field applied aldi§0] and[110] in-
H} (H;o) is the field at which the magnetization of the mag- pjane directiong1 kA/m = 4= Oe).

netic layeri reverses its orientation in the preseriabsenceg

of interlayer coupling when varying the applied field from
highly negative to positive values. If, instead of a major loop,
a minor loop is measured after the saturation of the magnj%
tizations of both magnetic layers by a large negative fiel
(see Fig. 2, one can replaceH?—HZ,) in Eq. (1a) by the
field around which the minor loop is centerddly;. With
increasing ferromagnetic coupling the field interval at which
the magnetizations are antiparallel aligned decreases, un

:ir;;e;‘otrr?sglgsgfsCs(,JirL:]pL::melesojgljtrrgcgrstgatthg:f Or:}:gpa?gna%ilscussed latérwe can discriminate the contributions of the
. X . in Fe;O, top layer and the Fg,/Cog Fe, O, bilayer.
and a S'ngle square'hystere3|s loop is opserveq. Theq thIene hysteresis loop with the lowest reversal field of 22 kA/m
reversal fleld of the single square hysterefls IoBop is obtauneglrises from the 20 nm K@, top layer and is responsible for
by equating {&) and 1b) and takingH, =H;=Hr: the smallest magnetic contribution in the measurement of
Fig. 3 with the field applied along f110] direction. The
tAMEH+BMEHE Co,Fe;_,0,4/Fe;0, bilayer acts as a magnetic entity with a
He=—AvAreeme (2 reversal field of about 60 kA/m. This relatively large value
s s compared to that of the single @, top layer is caused by
As we stated before, the expressions above hold in the caske high coercivity of CqFe;_,0,4,** which, when strongly
of a single magnetic domain in each layer and the magnetiferromagnetically coupled to the 5@, layer, enhances the
zation of each layefantjparallel to the applied field. The effective coercive field of the bilaydsee Eq.(2)].
assumption of a single magnetic domain in each magnetic To simplify the quantification of the exchange coupling
layer will hold if the domain wall energy of the magnetic strength using Eqs(1a) and (1b), the magnetization mea-
layer is large compared to the coupling energy or if the do-surement has to be performed along an easy magnetization
main wall width is larger than the thickness of the magneticaxis of the magnetic layers. From the remanence of the hys-
layer. The domain wall energy of magnetite is calculated taeresis loops shown in Fig. 3, it is concluded that for both
be 1.65 mJ/M and the domain wall width about 65 nm at magnetic layers, thé110) in-plane axes are the easy mag-
room temperature. The other assumption ofl@mi)parallel  netization axes. The in-plane easy magnetization axes are
alignment of the magnetization to the applied field holds ifdetermined by the magnetocrystalline anisotropy. Based on
the hysteresis loop is measured along an easy magnetizati@iterature values for bulk Cgre;_ 04,22 one would expect
axis of both magnetic layers and the anisotropy of at leasthat the Co-ferrite layer would dominate the in-plane anisot-
one magnetic layer is much larger thaft. We will show  ropy of the FgO4/Co, JFe, 0, bilayer, which, in contrast
later on that both assumptions are fulfilled in the presento the observation, would result in 400 in-plane easy
experiments. magnetization axis. It is well known that the in-plane anisot-
ropy of thin films can be altered at the surfdagterface of
Ill. RESULTS AND DISCUSSION the film. The discrepancy in the magnetocrystalline anisot-
ropy between the bulk and our MBE-grown Co-ferrite thin
film might arise from an altered surfa¢mterface contribu-
Figure 3 shows hysteresis loops obtained by SQUID magtion. Another possible explanation for the observed discrep-
netometry at room temperature for the uniform sample comancy might be a difference in Co and Fe cation distributions
posed of 27.5 nm Cg-e; _,0,/30 nm FgO,/5 nm MgO/20  over the octahedral and tetrahedral sites between the bulk
nm Fe;O, (x = 0.20. The two loops correspond to mea- and MBE-grown material, which could alter the magneto-
surements with the field applied alofgg10] and[100] in-  crystalline anisotropy of the whole layer.

lane directions. The magnetization curves are a superposi-
on of two hysteresis loops with different reversal fields and
magnetic moment. From an inner loop measurement, the ob-
tained normalized saturation magnetic moment of the top
Fe;0, layer is 485 kA/m, which is within the experimental
ccuracy the bulk value of 496 kAfinFrom the data on the
edge-shaped samp|é&igs. 4a) and 4e), which will be

A. Uniform sample at room temperature



11572 P. A. A. van der HEIJDENet al. 55

; ; ; - A' 'B . I 1"5I T T T 1 1 T
- (a) Ho Hpo | 50 F g 4
: [ X 10} o,
top = L £
E L3 i
Fe304 2 40 s T 05F
+ : t + ~
(b P <. L
( ) f T 30 0 10 20 30 20 ]
g Z£ 8 nm s MgO thickness (nm)
. ' ' ' ' ' Im L 1 L 1 L 1 L 1 L I L 1 L 1 1 (]
'E(C) ;ss»‘“““’“ “““ 1 1 2 3 4 5 6 7 8
) ¢ MgO thickness (nm)
>, M J 1 nm
"'5 MgO | FIG. 5. The main figure shows the reversal fields of the 21.5 nm
'-g_ ' ’ ’ - ! ; — Fe;O, layer vs the MgO interlayer thickness for the wedge-type
= (d) f j’ ] sample shown in Fig. 2. The inset shows the MgO spacer thickness
L dependence of the shift of the minor loop for the 20 nm@g
0.5 nm layer, Hgnirt, Obtained from the wedge-type sample with the MgO
MgO | thickness varied between 2 and 45 nm. The minor loops are mea-
- - - - - ‘ sured after the saturation of the magnetization of the both layers by
L (e) 1 applying a large negative field.
g i ®
Fe, O,/
Co,Fe, 0, Before proceeding with the analysis, we want to point out

that the behavior of the magneto-optical properties observed
for the bottom CqFe;_,0,4/Fe;0, bilayer is rather anoma-
lous. We found that the magnitude of the Kerr ellipticity of
FIG. 4. Examples of hysteresis loops at different positions on the uncovered bilayer becomes zero using a 633 nm wave-

T ; L G}ength laser. The disappearance of the Kerr ellipticity at 633
wedge-type sample measured in the longitudinal MOKE geometr)hm in the uncovered case may be explained by assuming a
with the field applied along B110] direction. The positions on the Kerr ellipticity for these ultrathin FgO, and CaFes O
sample correspond t¢a) only the top FgO,/MgO layer(right side I pucity . . 4 G€3-xyg

¢ layers, which are equal in magnitude but opposite in sign. A

of sample, the entire multilayer at MgO interlayer thicknesses o . : .
(b) 8 nm , (c) 1 nm, and(d) 0.5 nm, and(e) only the bottom wedge on top of the bilayer can alter the relative contribu-

-150 -100 -50 0 50 100 150

H (kA/m)

Co,Fe;_,0,/Fe;0, bilayer (x=0.17) (left side of samplg All tions of the individual layers, which in this case apparently
MOKE measurements have been performed with a 633 nm lasel€ads to a nonzero Kerr ellipticitisee Figs. ), 4(c), and
with the exception ofe) where a 784 nm laser was used. 4(d)]. The magnitude of the Kerr ellipticity of these materials

depends strongly on the wavelength and specific chemical
_ _ _ composition®>** This is illustrated by the fact that at
B. Thickness dependence of the interlayer coupling A =784 nm the Kerr ellipticity for the uncovered bilayer was
The wedge-type samples were used to investigate the exionzero[Fig. 4(e)].
change coupling constant at room temperature as a function From Fig. 4 it appears that in the presence of the MgO
of the MgO spacer thickness. Figure 4 shows characteristizwedge, the contribution to the Kerr ellipticity of the f@,
hysteresis loops observed at different positions on the samptep layer is about twice that of the bottom bilayer. Therefore,
shown in Fig. 1 with the field applied along a preferentialthe applied field at which the Kerr ellipticity is one-third of
[110] direction. Figures @) and 4e) show the hysteresis the saturation ellipticity in the stepped hysteresis loop is
loops obtained from the right and left sides of the sampleequal to the field at which the magnetization of the 21.5 nm
respectively, as shown in Fig. 1. These hysteresis loops idefkg o, top layer reverses its orientation? (indicated by a
tify the individual magnetic behavior of the top 21.5 nm cross in Fig. 2 The results obtained fdeTf in this manner

Fe;O, layer and the 32.5 nm G&e; ,0,4/32.5 nm ! L .
: - ; . _are shown in the main figure of Fig. 5 for the wedge-type
Fes0, bilayer. The hysteresis loop with a small coercive sample with the MgO spacer thickness varied between 0 and

field originates from the top R©, layer and the hysteresis o ) )
loop with the high coercive field originates from the 8.3 nm. V_Ve_ c_;hecked that ST"."” var_lauons in the magnitude
of the ellipticity, at whichH; is defined, do not alter the

Co,Fe;_,0,/Fe;0, bilayer. Figures &) and 4c) show ) N
characteristic examples of stepped hysteresis loops obtain&@pserved thickness dependencett significantly. We re-

for MgO spacer thicknesses above 1 nm. The reversal fielg®ark that data foH? are not used to quantify the exchange
of the soft(top Fe;0,) and hard Co,Fe;_,0,/Fe;0,) lay- coupling constant, because the variationi—ﬁ?] are smaller
ers are close to the values obtained from Figa) and 4e),  thanin Hf due to the large magnetic moment of the bottom
respectively, which indicates small magnetic coupling. Forbilayer, which results in a larger error in the determination of
small MgO spacer thicknesses, however, a square hysteresis

loop is measured implying strong ferromagnetic coupling; Two thickness ranges corresponding to different coupling
see, e.g., Fig. @). regimes can be discernedrig. 5. At MgO thicknesses
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above 1.3 anf decreases gradually with increasing MgO L L L —
spacer thickness. In this case the magnetite layers are weakly [ © )
coupled and a clear field interval at which the magnetization 03 ° (a) N
of both magnetic layers are antiparallel aligned is observed, [ 1
which enable an accurate measurement of a minor loop of
the soft-magnetite layer. The minor loops measured after
saturation of the magnetization of both magnetic layers by a i 1
large negative field are shifted from zero to positive applied 0.1 s 7
fields implying ferromagnetic coupling. The inset of Fig. 5 [ ]
shows the MgO spacer thickness dependence of the shift of I T TN SN
the minor loopHg,ir, obtained from the wedge-type sample 0.6 0.8 1.0 1.2
with a maximum MgO thickness of 45 nm. The gradual de- MgO thickness (nm)
crease oH gy With increasing MgO spacer thickness implies
a gradual decreasing ferromagnetic coupling. At MgO thick-
nesses below 1.3 nmtf shown rapidly increases implying a
rapid increasing ferromagnetic coupling and we are appar-
ently in a different coupling regime. Below a spacer thick-
ness of 0.8 nm MgO, the strong ferromagnetic coupling re-
sults in a square hysteresis loop with a reversal field between
the reversal fields of the decoupledj&e, top layer and the
Co,Fe;_,0,/Fe;0, bilayer [Fig. 4(d)]. Although the hys-
teresis loop is squardﬂf still increases with decreasing
MgO spacer thickness. The reversal field of the square hys- U
teresis loop extrapolates to 60 6 kA/m for vanishing MgO 0 10 20 80 40
thicknesses. This is close to the value 71 kA/m, obtained MgO thickness (nm)
from Eq.(2) using the valugi/, = 18.7 kA/m andHZ) = 89
kA/m derived from Figs. &) and 4e). FIG. 6. The thickness dependence of the interlayer exchange
The exchange coupling constant at the several MgO thickgoupling constant), calculated from(a) the changg in the re\{ersal
nesses can be calculated straightforwardly using (Eg. field of the top 21.5 nm F¢D, layer and(b) the shift of the minor

For small MgO spacer thicknesses,has been calculated '09P ©f the top 20 nm 0, layer. The data represented by the
from the reversal fieIdHA shown in ,Fig 5 witht = 21.5  ©OPen circles ina) are obtained from square hysteresis loops and are
A . .

therefore an underestimation of the coupling strength. The solid line
_ 8 A _
nm, 1.oM s 0.62T," andH;, = 18.7 kA/m. For large MgO in (b) represent the fit to the data using an “orange peel” type of
spacer thicknesses, has been calculated from the shift of y3gnetostatic coupling, E€9).

the minor loop by replacing H*—H%) in Eq. (1a by
Hghie (Shown in the inset of Fig.)5and usingt = 20 nm.
Figure 6 shows this thickness dependencd &r the MgO  magnetic layers whereas magnetite isaidein which the
spacer thickness intervals of 0.4—1.4 and 2—45open and  conduction is of hopping type. Therefore, the applicability of
solid circleg. Here, the solid lines represent calculations tothe model using a band structure of magnetite is doubtful.
be discussed later. The maximum value Joof 0.22 mJ/m  Furthermore, the interpretation of the observed coupling in
2 found(see Fig. Bis an order of magnitude smaller than the terms of the tunneling mechanism is also complicated by the
domain wall energy of 1.65 mJ/mand therefore one can existence of an interface region in the J&&, layer with a
assume a single magnetic domain in the magnetic layersiegligible electrical conductivity and an apparent loss of
which was a first condition for the application of Ed). The  magnetizatiort>® The origin of this interface region is be-
second condition which concerns the alignment of the molieved to arise from a disordered spin structure, which will
ments to the applied field is apparently fulfilled since we areinfluence the spin asymmetry in the tunneling probability.
observing square loops. This behavior is probably inducedlthough, the possibility of a tunneling mechanism giving
by the large anisotropy of the bottom bilayer since a com+ise to the observed ferromagnetic coupling cannot be ex-
parison ofJ/t and the anisotropy of the magnetite top layercluded, the observation of ferromagnetic instead of antifer-
indicates the same order of magnitude. romagnetic coupling offers the possibility for alternative
Three possible origins for the observed coupling behaviomechanisms.
will be discussed, namely, coupling due to tunneling, “pin- It is therefore possible that the strong ferromagnetic cou-
holes,” and a magnetostatic effect. The model mentioned ipling observed for low MgO spacer thicknesses could origi-
the introduction in which magnetic layers separated by anate from pinholes due to interface roughness, which give
nonmagnetic insulator could couple either ferro- or antifer-rise to magnetic bridges through the nonmagnetic spacer. To
romagnetically with the coupling strength decreasing rapidlyinvestigate the interface roughness, STM measurements were
with increasing interlayer thicknesseems to explain the performed on a 40 nm R©, layer grown on(001) MgO.
experimental data at small thicknesses of the MgO spacefhese measurements showed that thgdresurface consists
However, quantitative interpretation of the data for the thick-of terraces with a typical lateral length of several tens of
ness dependence of the coupling strength in terms of theanometers! Adjacent terraces were separated by single
tunneling model is difficult. The theory is based metallic  steps with a vertical height of one to four oxygen planes

J (wJ/m?)
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(0.21-0.84 nm This implies that the deposition of a MgO L B B A z
layer up to 0.84 nm thick is insufficient to fully cover the 30 N 7120 g
Fe;O, surface and to isolate the @, layer grown on top & ° s 118 @
of MgO from the FeO, layer below. The samples in this % 20 ®s e J]io 3,
study can be expected to be rougher than those in the STM 2 © 1 =
study, because of the larger lattice mismatch4{0) be- = 10 108 :‘3>
tween FgO, and the MgALO, substrate. The magnetic 104
data showing strong coupling below a MgO spacer thickness PR S T I U N "
of 1.3 nm suggest the presence of pinholes up to 1.3 nm also 50 100 150 200 250 300
indicating an increased interface roughness for the present Temperature (K)

samples. i

The small ferromagnetic coupling observed above a MgO FI(_;. 7. The temperature_dependence of _the interlayer exchange
spacer thickness of 1.3 nm may be due to “orange peel’m”p“”tg constant) (I(_)(;j)en (T'amo,”ﬁts* left ?ﬁ?nd .qu“are of ﬂl‘e
type of magnetostatic coupling. This magnetostatic couplingﬁznagne ic momentsolid circles, right axis of the uniform sample

. . 20 nm FgO4/5 nm MgO/30 nm FgO,4/27.5 nm C@Fe, O,
between two magnetic layers originates from magnetic
. . : rown on(001) MgAl ,O,.

charges localized at each interface due to structural |rregL9—
larities at the interfac® The coupling is ferromagnetic
in the case the roughness of the surface at the start of, _ i i i
MgO growth propagates to the top of the MgO layer, whichslightly increases with decreasing temperature, which can be

produces correlated interface topography of both magnetit8XPected in the temperature regime of 0-300 K for magnetic
layers. In the case of two identical magnetic layers with a@Yers with relative high Curie temperatur@b0 and 790 K

uniform magnetization rigidly directed along an easy axis'®" F€304 and CoFgO,, respectively. Figure 7 shows that

and an interface roughness, periodic in the two lateral ("€ temperature dependence Joand the square of the mag-
directionsx andy with period 2/p and a height variation netic moment are within the experlmentel accuracy identical,
h [o=hsinEXsin(py)], the coupling strengthy, is given Whl(_:h is expected for an “orange peel type of magneto-
by™® static coupling between the magnetite layers, see (Bn.
Note that the large scatter of the exchange coupling constant
in Fig. 7 is due to the relative large coercive field of the top

1 5 2 —ny3d Fe;0, layer compared to the shift of the minor loop, e.g.,
J= ﬁﬂph moMge™ PYeE, (3 the coercive field is about 1000 Oe%K while H g is only
25 Oe.

whered is the spacer thickness. The fit of E®) for J to
data in the MgO interlayer thickness interval of 2—45 nm is IV. CONCLUSIONS
shown by the solid line in Fig.(6). The roughness param-

eters obtained from the fit arenZp=(39+2)X 10 nm and The study of interlayer coupling of magnetite layers

- . . X across a MgO spacer for a thickness range 0—-45 nm MgO
2h=3.1+0.1 nm. The obtained ratio for the height fluctua- showed that the coupling between the magnetite layers is

tion per length unit of B/(w/p) = 3.1/195 = 0.016 : :
+0.001 is close to the ratio of about 0.012 obtained fromihévag; feéggnﬁgf Zt'zrﬁn;\j/l Sg] altlhzt f'\élr?gmtzécnk;?:sc%su;?:g\]/e

the estimation of the average step hei@h8 nm) and terrace in . . . 4 ;
. creases drastically with decreasing MgO interlayer thick-
length (25 nm of the STM measuremertts taken into ss. Reliable values for the magnitude of the coupling

account the difference between the interface roughness Q rength can be determined for MgO spacer thicknesses

the sample used for the STM study ar_1d the preseniove 0.8 nm. At 0.8 nm, the exchange coupling constant is
samples. Therefore the small ferromagnetic coupling ob-

estimated to be 0.22 mJ/mBelow 0.8 nm, the ferromag-

served above a spacer t_hlckness 1.3 om MgO IS consistept; coupling strength increases further. We suggest that
with magnetostatic coupling and the known interface rough-Coupling below MgO spacer thicknesses of 1.3 nm is domi-

NEss. nated by ferromagnetic bridges between the magnetite layers
arising from large single steps between adjacent terraces of
the magnetite surface. The coupling for spacer thicknesses

C. Temperature dependence of the interlayer coupling above 1.3 nm can be described as magnetostatic coupling

To substantiate that the observed ferromagnetic couplingUe to correlated interface irregularities.
for large MgO spacer thicknesses is due to an “orange peel”
type of magnetostatic coupling, the temperature dependence
o_f the interlayer exchange couplipg constant has been inves- ACKNOWLEDGMENTS
tigated for the uniform sample. Figure 7 shows the tempera-
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