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Spin waves in magnetic double layers with strong antiferromagnetic interlayer exchange coupling:
Theory and experiment
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We present a simple approach based on continuum theory to calculate spin-wave frequencies in thin mag-
netic multilayers taking into account both the nonuniform static and dynamic magnetizations, which are
present in systems with strong interlayer exchange coupling. The calculation includes in-plane static magne-
tization, the canted and twisted state, bilinear and biquadratic interlayer exchange coupling, and the dynamic
dipolar coupling. Therefore, we are able to compute accurate spin-wave frequencies in strongly antiferromag-
netic coupled trilayers over a full hysteresis loop. We consider the field dependence of the spin-wave frequen-
cies of an epitaxial R@01)/Si-wedge/Fe sample with strong antiferromagnetic coupling measured by Brillouin
light scattering and find excellent agreement with the model calculation. The fits of the experimental curves
verify the existence of the twisted state and allow determining the coupling constants with high precision.
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INTRODUCTION only been done based on quantum mechanic spin-lattice
theory? which is numerically rather elaborate.
After the discovery of magnetic interlayer exchange cou- Recently, we reported on very strong AF interlayer ex-
pling in 1986 in Ref. 1, the phenomenon has been exploreghange coupling in excess of 6 m/in epitaxial Fe/Si/Fe
in much detail, and its origin is now believed to be basicallytrilayer systems.We will use these systems to compare dif-
understood. Still some discrepancies remain, for examplderent modeling schemes. In Sec. | we will discuss the results
the large differences between the theoretically predicted angbPtained by the conventional “fiftl and UTFA approaches
experimentally observed coupling strengttiso, the origin ~ for @ Fe (80 A)/spacer/Fe (100 A) system and demonstrate
of the biquadratic coupling contribution encountered in mosthat these approaches have significant shortcomings when

systems remains in discussion. On the other hand, there is éﬁf"“ng W|th|strong Ic%upllng. Morer?ver, as we show 'r?”S?C'

increasing interest in interlayer coupling, not only because i{ or s’ltronq[y couple I?ystergs,t"t et ng.?et!ﬁ?'qnt V:,” 1N

is a new quantum phenomenon, but also due to its applicaqenera’ not remain unitorm, but instead 1t wiil twist, tform-
Ing a partial domain wall parallel to the interface and hence

tions as artificial antiferromagnets or ferrimagnets in mag- ) . .
. . . . complicate the analysis even more. In Sec. Ill we introduce a
netic sensors or more recently in antiferromagnetically

| 2 for h sk driv method based on the UTFA, which enables the calculation of
(AFM) co'up.ed storage_ media or ard disk drives. frequencies with high precision in strongly coupled multilay-
Brillouin light scattering(BLS) is a powerful tool to ana-  ¢s'inciyding the twisted state. We call it the “extended ul-
lyze the magnetic properties of thin-film sgmples, In partiCU-yathin film approximation(EUTFA). It can also be used for
lar, coupling phenomena. In a BLS experiment the frequeénge treatment of the standing modes and thicker layers,
ciesvy, of spin waves are measured via inelastic scattering ofyhere the UTFA fails. In Sec. IV we describe sample prepa-
monochromatic light. The frequency of the photons can bgation and measurement setup. Finally, in Sec. V we discuss
shifted either down or up by, corresponding to the cre- the measured field variation curves for different spacer thick-
ation (Stokes conditionor annihilation (anti-Stokes condi- nesses, which we fit with excellent agreement using our EU-
tion) of a magnon, respectively. BLS has been extensivelyTFA approach to extract the bilinear and biquadratic cou-
used to determine the interlayer exchange coupling in magpling strengths versus spacer thickness. Ready-to-use
netic multilayers. In contrast to static magnetometric methformulas for the conventional multilayer and EUTFA will be
ods, BLS also provides the possibility to derive tleero-  provided in the Appendix.
magnetic(FM) coupling strength without the necessity of
spin engineering, and it is not necessary to analyze the | CONVENTIONAL CALCULATION OF THE SPIN-WAVE
whole remagnetization loop in order to derive the coupling FREQUENCIES
strength. However, to be able to separate bilinear contribu-
tion from biquadratic and other nonbilinear contributions to ~ Magnon frequencies with finite in-plane wave vector have
the coupling, the field dependence of the spin-wave frequer€en calculated for coupled magnetic multilayers with in-
cies needs to be fitted. On the other hand, the spin-wavBlane magnetization in the late 1980's by Barnas and
frequencies measured in a BLS experiment until now onlyGrunber§ and Hillebrands? We call their method of com-
have been computed for the restricted cases of par@el Puting the spin-wave frequencies the “full” approach. They
and antiparalle{AP) alignmenf or limited to ultrathin layers ~ Solve the linearized Bloch equation together with the Max-
with not too strong coupling in the so-called “ultrathin film” well equations in the magnetostatic limit (dde=0) for
approximation (UTFA).” A full treatment in the case of each individual layer. The solutions are then matched at the
strong coupling, but excluding the biquadratic coupling, hasnterfaces, where, in addition to the magnetostatic boundary
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conditions, (continuity of H andB,) the Rado-Weertman
conditions requiring continuity of the torque density have to
be fulfilled. Interface anisotropies and the interlayer coupling
enter via boundary conditions. We limit ourselves in the fol-
lowing discussion to the surface-type Damon-Eshbdih)
modes, which are dominated by the dipolar interaction, low-
est in frequency, and approximately uniform in ultrathin
films. The so-called standing modes with one or more nodes
in the mode profile are not considered in the following, al-
though we will show in Sec. Il that their frequency can also
be calculated using our EUTFA method.

In analogy with coupled harmonic oscillatorée.g.,
phonong, the spin-wave modes in coupled double layers can
be classified into opti¢O) and acoustic &), depending on
whether their frequency depends strongly on the coupling
strength or not*?2 We phenomenologically describe the
coupling by the corresponding energy densify.= 20}
—J,cos(A0)—J,coS(A ). In most real samples with AFM
coupling corresponding td, <0, there is also a biquadratic of
contribution favoring 90° alignment and described by
<0. The optic-mode frequency will then depend on an ef- -20 |
fective couplingdgs=J1+2J, Or Jeis=J1—2J, in the P or
AP state, respectively. Thereford; cannot be separated 40T
from J, by analyzing theP or AP state alone. Moreover, the . . . . . . .
canted state has to be taken into account if the sample cannot 0 01 02 03 04 05 06 07
be saturated by the available external field. There are no Magnetic field (T)
reports of successfully calculating the spin-wave frequencies , , ,
in the canted state using the full approach. The dependence FIG- 1. Calculated acoustih) and optic(O) spin-wave fre-
of the BLS frequencies on the external field during a remagduencies of a Feod (80 A)/spacer/Fe (100 A) system. Dotted

netization process is instead usually computed using thgnes, UTFA; solid lines, full calculation. The insets show the in-
UTFA 71314 \which assumes approximately uniform ampli- plane component of the dynamic magnetization as a function of the

tudes of the spin-wave modes simplifying the calculation aposntlon. The parameters are given in the téxt. BLS frequencies

lot as no boundary conditions need to be evaluated. Instea{é} zero field withqL M as a function of effective couplinges
all interactions including the interlayer exchange coupling, eflqed in the t.ext(b). BLS frequencngs as afgncglon of the exter-
surface anisotropy, and the dynamic dipolar coupling ard@l field B applied along the easy axis and wih B.
treated as effective volume torques.

In Fig. 1 we compare the frequencies obtained by the ful
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ling, which, to our knowledge, has not been pointed out in

s . , revious publications. The reason for this shortcoming is
(solid lineg and UTFA approachegdotted line$ using  hat depending on the alignment and sign of the coupling,

physical parameters corresponding to our samples with satyre optic mode will form a partial node or peak at the inter-
ration magnetizatiorM ;= 1.65x 10° A/m,. fourfolld anisot-  f5ce if the coupling is strorfgsee insets in Fig.)1

ropy K,=45000 J/m, gyromagnetic ratio y/2m Figure Xb) shows a typical field dependence curve. The
=29.4 GHz/T, (corresponding to g factor of 2.3, intra-  angles of the static magnetization, which is assumed to be
layer exchangé\7= 2_>1< 10" J/m, and an in-plane wave vec- rigid, correspond to the total minima of the free energy com-
tor q=1.67<10"m"". In Fig. () the frequencies are plot- posed of Zeeman enerds,, magnetocrystalline anisotropy
ted as a function of the effective coupling strength; for energyE,,, and interlayer coupling energc with cou-

the AP state with AFM couplingJ.;<0) and theP state pling constantsl; = —2.6 mJ/n andJ,= —0.2 mJ/nf typi-

with FM coupling (Jer>0) as defined above. The calcula- ¢4 for Sj thicknesses of 10 A. The external field is applied

tion assumes zero external fI§|d a_nd magnetizations aI!gnegong the easy axis and perpendiculaﬁtoAt low external
along an easy axis of the cubic anisotropy and perpendicul

) - T ) ahreld, the magnetizations align AP with the larger magnetic
to the in-plane magnon wave vectpr This situation will be  yoment in the field direction. When the external field

found in experiments when the FM layers have differenteaches the spin-flop field of about 0.07 T, the magnetiza-
thickness, the bilinear coupling is dominant, i.l:|  tions switch into the canted configuration, and the full calcu-
>2|J,|, and a small extgrnal field is applied along an easYation cannot be applied any more. The spin flop can be
axis and perpendicular . As can be seen the optic-mode recognized by an abrupt change in the optic and acoustic
frequency increases with FM and AFM coupling strength infrequencies. In the rigid magnetization approximation, the
P and AP configurations. While the UTFA predicts the right sample saturates at a field of about 0.36 T, which shows up
frequency when the coupling is weak enough, it will overes-as a kink in the acoustic and as a dip in the optic frequency.
timate the optic-mode frequency in the case of strong coulnterestingly, using the full approach, the optic-mode is not
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80A Fe  Spacer 100A Fo the intralayer exchange depends on the relative angle
= ¢;— 6; ,, between neighboring points:

+Ec.
(2

The term corresponding to the points at the interface (
=if) has to be excluded from the sum. Equati@hcan be
easily solved using standard multidimensional minimization
FIG. 2. Schematic view of the twisted magnetization state in algorithms?® at least up tdN~100.
sample with strong AFM coupling. The circles lie in the plane of the  The possible lower energy in the twisted configuration
interfaces. The in-plane magnetization anglearies in the direc- compared to the uniform magnetization is due to a reduction
tion of sample normaly. The picture corresponds to IN the coupling energy atthe cost of exchange energy. Taking
Fe (80 A)/spacer/Fe (100 A) with applied fieB,,,=0.5 T and into account only interfacial points, a critical AFM coupling
J;=—2.6 mJm, J,=—0.2 mJn typical for an Si interlayer Strengthd.,, at which the intralayer exchange and coupling
thickness of 10 A. energy will cancel out, can be estimated to bg;~
—A/d, whered is the FM layer thickness. F@d,|<|Jgit,
present over a wide field range between about 0.36 and 0.6 he twisting effects in a thin-film sample can be neglected as
The reason for the vanishing optic-mode is that Ehetate  the corresponding intralayer exchange will be bigger than the
with homogeneous magnetization is unstable in this regioncoupling energy. On the other hand, the twist becomes domi-
Therefore, the assumption of a rigid magnetization is noflant and leads to an disproportionate increase in the satura-
proper in the case of strong couplifgee Sec. )l The real  tion field with the coupling strength fojd;|>[Jc,i| when
saturation field instead corresponds approximately to 0.6 Tthe anisotropy is negligible. However, if the FM layer thick-
where the optic-mode appedmompare with Fig. &)]. nessd is of the order of the exchange Iengt}i/Kl, the
anisotropy energ¥,d becomes important, and the twisted
ground state will be suppressed whép becomes much
smaller tharK ;d.

If AFM interlayer coupling and external field are strong ~ Using d=100 A and the literature exchange value for
enough compared to the intralayer exchange, magnetizatigiPn of A=2x10"** J/m yieldsJ.;= —2 mJ/nt. The cal-
will form a partial Bloch-type domain wall parallel to the culated field dependence in Fig. 3 for coupling values pf
interface, as sketched in Fig. 2. This is a result of the com=—2.6 mJ/n, J,=—0.2 mJ/n, and other parameters as in
peting torques exerted at the interface by the coupling and ifrig. 1(b) indeed shows pronounced deviations from the uni-
the bulk by the external field. The twisted magnetizationform state. Although the averaged magnetization angles of
state has been extensively investigated, including BUgy  the twisted statdsolid line in Fig. 3a)], which approxi-
so-called exchange sprif§sand the surface spin-flop phase mately determine the frequency of the acoustic mode, are
in antiferromagnets’'® However, there are only few close to the result obtained assuming a rigid static magneti-
publication$®~?!treating the twisted ground state in the casezation (dotted ling over a wide field range, they clearly de-

H o Wl 3 2’
F~> |{Ez(6)+Ean(6)+A XAy
At Ay

Il. TWISTED GROUND STATE

of AFM coupling. viate forBg,>0.3 T, and the saturation field is about a fac-
The starting point for calculating the twisted magnetiza-tor of 2 larger. Another more subtle difference to the rigid
tion state is the free energy per unit area: approximation is a lowering of the spinflop field. Thus, de-

riving the coupling strengths from the saturation and spin-
flop fields, using the rigid approximation, will lead to a sys-
sz (Eext EantEz) dy+Ec, (1) tematic overestimation of; andJs,.
In Fig. 3(b) we plot the twisting angle defined in Fig. 2 as
L . . - the relative angle between the magnetizations at the two in-
which is a functional of the in-plane magnetlzatlons angleterfaces of each FM layer. The twisting angle is not negli-
6(y) variable in the direction of the film normal. The  gible apart from the AP state at low fields. It reaches a maxi-
intralayer exchange term has the f6fnEe=A(d6/3y)?,  mum value of about 20° where the sample would saturate in
and the interlayer coupling depends on the relative magnetihe case of a rigid magnetization. Therefore, the optic-mode
zation angle at the interface®i;: Ec=-J;cosQ 6;)  frequency, which strongly depends on the relative angle at

—J,c0$(A 6). Finding solutioné(y), which minimizes the  the interlayer, cannot be predicted accurately without includ-
free energy functional, can be done by using calculus 0Ofng the twist into the calculation.

variation as in Ref. 20. However, when treating thin films, it
is straight forward to approximate the integral in EQ. by a
sum. 6(y) is defined aiN points including interface#; and
assuming linear behavior in between. The volume Zeeman The method we use here to calculate the spin-wave fre-
Ez and anisotrop¥,, energies can then be approximated byquencies is simple, but predicts right frequencies in the case
their values using the average angles (6;,+ 6,..1)/2, and  of strong coupling and even for standing modes. Moreover, it

IIl. EXTENDED ULTRATHIN-FILM APPROXIMATION
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FIG. 4. Convergence of the EUTFA as a function of the cou-
pling strength and the sublayer thickneds The solid lines and
crosses K) are the result of the full and conventional UTFA ap-

FIG. 3. Calculated field dependence of the twisted state usingroaches, respectively. Open squarés),( uptriangles 4), and
parameters of Fig. 1(a) compares the averaged magnetizationdowntriangles /) are obtained with EUTFA and correspond do
angles with the rigid magnetization approximati@otted ling. In =20, 10, and 1 A, respectively. All parameters are the same as in
(b) the twisting angle as defined in Fig. 2 is plotted. Fig. 1(a).
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is able to take into account the magnetization twist discussef{,nction of the coupling strength without external field simi-
in the preceding section in a natural way. Having in mind5; tq Fig. 1a). The bottom part corresponds to the anti-
that the UTFA works if only the magnetic layers are thin giqkes side of Fig. (), however, over a bigger coupling
enough, we virtually subdivide the FM layers into thin sub- range. The top part shows the lowest standing mddes
layers of thicknesg parallel to the film plane, for which we ,54e in the mode profile of each magnetic layéor which
assume uniform magnetization similar to Grimsdiethal'® e UTFA, of course, cannot be used. Note that the scale of
If the twisted state is to be taken into account, then the magme frequency axis is different in the top and bottom parts of
netization angle of each sublayer is set to the value obtameﬁig_ 4. The frequencies obtained by our EUTFA method con-
from the calculation described in Sec. Il. The interlayer ©X-verge quickly towards the result of the full approashlid
change coupling and a possible interface anisotropy is takeﬁhe) with decreasings. While the value ofs=20 A(D)) is
into account by introducing them in the corresponding inter-(,me(,j‘dy much closer to the full approach than the conven-
facial sublayers, but not as a volume contribution of theiiqna UTEA (X), a precision better than 1 GHz can be
whole FM layer as in the case of the conventional UTFA.  5chieved even for the first standing modes using a sublayer
We treat the intralayer exchange as an effective interlayefiickness of the order of 1 ML=1 A(V).
coupling between sublayers with a corresponding energy Apart from the case of strong coupling and the twisted
A oA ground state, the method we propose can also be used if the
ESff=—(A )%~ —J%"cosA +const; JSM=—, layers are too thick for the conventional UTFA, i.e., when
g g qd<1 is not fulfilled. The limiting factor for the validity of
3 the approximation made in the calculation of the dipolar in-
where the approximation is valid because the relative angléeractions is the thicknes8 of the sublayers and not the
between the magnetizations of two neighboring sublayerthicknessd of the FM layers. In Fig. 5 we plot the calculated
A 6 is supposed to be small. The exchange energy has thgode frequencies of a double-layer system as a function of
same form as the bilinear interlayer exchange in the UTFAhe in-plane wave vectay. The 200-A-thick Fe layers are
for multilayer$* (full formulas are given in the Appendix ~FM coupled withJ;=1 mJ/nf and a field of 0.1 T is applied
which can readily be used to compute the frequencies of thaelong the easy axis. The conventional UTFKX) deviates
virtual multilayer stack. significantly from the full calculation(solid line) for
In Fig. 4 we compare the spin-wave frequencies obtainedd>0.3, whereas our method is accurate at least up to
using this method with the full and UTFA approaches as aqd=4.
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FIG. 5. Spin-wave frequencies in a Fe double layer as a function.C
of qd. Solid lines, full calculation; crossesx(), conventional
UTFA; open circles Q), extended UTFA with6=2 A. The two &
lower branches correspond to the surface DE and the highel »
branches correspond to the first standing modes. Used valggs:
=200 A, J;=1 mJ/inf, B=0.1 T, all other parameters as in Fig. 1.

IV. SAMPLE PREPARATION AND EXPERIMENTAL SETUP o

Epitaxial  Fe (80R)/Si-wedge/Fe (100 A) trilayer ~ Magnetic field (T) '
samples are prepared by thermal electron-gun evaporation on FIG. 6. Field dependence of measured BLS dafzen circles
top Of. a GgAS(OOl)/Fe (1@)/Ag (1500 A) buffer system and least square fitsolid line) at different spacer thickness of a
described in Ref. 25. Background pressure was better tha,pe (80 A)/Si-wedge/Fe (100 A) sampléa) 4 A, (b) 6 A, (0)

710 . .y il l
10"’ mbars. The thicknesses apd the deposition rates '0)‘ A, (d) 8 A, (e) 10 A, and(f) 12 A. The coupling constants are
about 0.1 A/s for both Fe and Si are controlled by a cali-given in the text. Arrows indicate the direction of the average mag-

brated quartz crystal monitor, and the layers are charactepetizations.
ized by Auger electron spectroscopy, low-energy electron
diffraction (LEED), and reflection high-energy electron dif-

fraction (RHEED). The first 5 ML of the bottom Fe layers

are grown at room temperatu(@T) in order to prevent seg- In Fig. 6 we show typical field variation curves measured
regation of Ag and the remainder at 200 °C, which gives aat different spacer thicknesses of a Fe &0Si-

good layer-by-layer growth according to the observedwedge/Fe (100 A) sample with the field applied along an
RHEED oscillations. The Si spacer and the top Fe layer areasy axis. The open circles are the experimental data and the
deposited at RT because higher temperatures lead to alloyirgplid lines correspond to a Levenberg-Marquardt fit using the
of the spacer and a drastic reduction of the coupling strengtiEUTFA. We have used a sublayer thicknesssef4 A for

The well-defined LEED pattern observed throughout thethe calculation of both the twisted ground state and the mag-
whole structure indicates a good epitaxial growth. Thenon frequency and found a good enough precision compared
samples are covered with a 500-A ZnS antireflection layerto the accuracy of the frequency measurement of about 0.5
which also prevents oxidation of the top Fe layer. GHz.

BLS experiments are performed using a Sandercock-type The coupling at small spacer thicknesses up to 5 A is FM
(2x3) pass tandem Fabry-Re interferometé® in the and most likely due to direct exchange via pinholes. The
backscattering geometry. The inelastically scattered light corvalue of the cubic anisotropy constati=45 000 J/m used
responding to both the Stokémagnon creationand anti-  to fit the data has been determined from the hard axis satu-
Stokes(magnon annihilationprocesses is recorded using anration field in the region of FM coupling. From the data in
avalanche diode detector and a multichannel analyzer P€ig. 6a) we have derived a coupling strength df
card in the frequency range of 50 GHz. The wavelength =88 mJ/mf and a magnetization valueMg=1.67
A =532 nm of the laser light together with the incident anglex 10° A/m. Here, as for all other fits, the perpendicular sur-
of 45° result in an in-plane magnon wave vectpr1.67  face anisotropy of H€01) typically found to be of the order
X 10" m™* of the measured magnons. The diameter of thesf K, —0.5 mJ/m has been neglected. As the strength of
laser spot on the sample of about 4én is small enough  syrface anisotropy depends on the chemical environment and
compared to the slope of the wedge (0.7) to allow a  the morphology 2% of the interface, it is likely to be differ-
precise measurement of the coupling strength. A variable eXent for all four interfaces and is therefore very difficult to
ternal field with a maximum strength of 0.7 T is applied in measure. The perpendicular surface anisotropy has the ap-
the film plane and perpendicular ¢p proximate effect of reducing the magnetization derived from

V. RESULTS AND DISCUSSION
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explained by the extrinsic fluctuation mechanism due to a
2 4o competition of FM pinhole coupling and AFM interlayer
" coupling. The quick decay ofl, with increasing spacer

0 = thickness is in agreement with this mechanism as the pin-

holes are expected to disappear quickly with increasing
spacer thickness. The smooth decay of the intrinsic bilinear
coupling J; is also in agreement with a very weak biqua-
dratic coupling to the right of the AFM maximum, wheig
is approximately 10% ofl;. A proportionality betweerd,
and J, in the Fe/Si/Fe system has also been reported by
Strijkerset al*°

s 1 1'2 The excellent agreement of the experimental data with the
Spacer thickness (A) model calculation in Figs. (@)—(f), whereJ, is small, dem-
onstrates that the magnetic configuration of the sample is
close to the calculated ground state. In particular, the sample
is in a single domain state and the twisted configuration con-
a dynamic measurement bK2/(duoMg), which here is of  forms with the theory. The twisting angle in Fig(ch at a
the order of 10%. field of 0.6 T comes out to be as big as 34°, which is com-

The FM pinhole coupling decays quickly with increasing parable to the effects found in exchange springs. On the
spacer thickness, and at an interlayer thickness of 6 A thether hand, the poorer quality of the fit in Figlbp and the
coupling becomes predominantly biquadratidJz2>[J1|).  lack of the spin flop in Fig. &), whereJ, is big, could be
This can be recognized in Fig(l§ by a distinct asymmetry explained by the extrinsic origin of the biquadratic coupling.
between the Stokes and anti-Stokes sides, but without an APhe fluctuation mechanism proposed by Slonczefisis
state and the corresponding spin flop at low field. The cousupposed to have only to first order the biquadratic form and
pling constants were found to b= —3.4 mJ/nt and J, is probably even nonisotropic.
=—2.7 mJ/M, whereJ, is among the strongest biquadratic ~ In earlier publications we have been using the conven-
couplings measured so far. tional UTFA to extract the coupling constants from the field

The interlayer thickness region with dominant biquadraticdependence of the BLS frequencies. The FM layers of the
coupling is very narrow. At a spacer thickness of 7 A in Fig. Fe/Si/Fe and Fe/Al/Fe samples investigated in Refs. 9 and
6(c) J; has increased to—6.5mJ/m while J, 31, respectively, were thinner, and the coupling of aluminum
=—1.1 mJ/n is more than halved compared to Fighp is weaker than that of silicon. Although the overall quality of
Interestingly, at low field the magnetizations are not in thethe fits was good, the coupling constants especially for the
ferrimagnetic ground state with the magnetizations collineastrongest coupling derived in these publications have some
to the external field, but stay in an AP configuration perpensystematic error. As discussed in Secs. Il and IV, the UTFA
dicular to the applied field, which has a higher free energywith rigid magnetization approximation will underestimate
Therefore, no spin flop can be identified in Fidcs For a  Jq¢; in the AP state and overestimate the biquadratic coupling
field value of 50 mT, the ferrimagnetic state is calculated tostrength when analyzing a full hysteresis loop. For the
be as much as 10 ° J/n? lower in energy than the con- present sample, on the other hand, a satisfactory fit using the
figuration found here. On the other hand, the pinning energgonventional UTFA is not possible except for Figf)ewith
derived from the coercive field of the magnetization reversatather weak coupling. The reason is the pronounced magne-
at low field at a spacer thickness of 8 A has a value of onlytization twist due to the thicker FM layers.
about 2.5¢10 ° J/n?. Thus, the magnetizations are ex-
pected to flop into the ferrimagnetic state. A possible expla-
nation for this unusual behavior is a nonisotropic form of the

extrinsic biquadratic coupling as proposed by Slonczewskiin We have presented the EUTFA method based on con-
Ref. 29. tinuum theory to calculate the spin-wave frequencies in
The next graph in Fig. @) with 8 A spacer thickness coupled multilayers as measured by BLS and ferromagnetic
corresponds to the maximum of the optic-mode frequency ifesonance. Apart from a limitation to in-plane static magne-
the AP state, which is related to the maximum of the effec+ization and translational invariance in the direction parallel
tive coupling strengtl,¢;. The coupling constants are found to the plane, arbitrary configurations including the canted
to be J;=—5.66 mJ/m and J,=—0.44 mJ/M. From here and the twisted ground states can be taken into account. By
on both the bilinear and biquadratic coupling decay quicklycomparing our model calculation with the results of the stan-
until the sample decouples at about 15 A spacer thicknesslard “full” approach and experimental data we have demon-
The coupling constant in Figs(& and &f) with 10 A and  strated that the method is accurate and well suited for the
12 A spacer thickness are found to Be=—2.61 mJ/m,  analysis of experimental data. From a fit to the field depen-
J,=—0.20 mJ/n, and  J;=—1.00 mJ/m, Jo= dence of the BLS frequencies measured on a strongly AFM
—0.10 mJ/m, respectively. coupled Fe/Si/Fe sample, we have found strong evidence for
We have plottedl; andJ, versus spacer thickness in Fig. the twisted ground state and derived the coupling constants
7. The strong biquadratic couplidg at low thickness can be as a function of the spacer thickness. The biquadratic contri-

Coupling strength (mJ/m?)
N

FIG. 7. Coupling constants as a function of spacer thickness.

VI. CONCLUSIONS
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Sis, ¥y ldmdi=mx b’ b= —(aF/am; ), (A1)

M wherek is the axis index, ané is the free energy per unit
A area. The contributions tbeff due to the Zeeman, anisot-

ropy, and interlayer coupllng energies are computed by ex-
panding the free energy in termsmf ,, keeping only terms
to quadratic order inm; . and m; ,. Only the contribution
due to the dynamic dipolar coupling is not based on(&4.,
and more involved.

Linearizing the Bloch equations and with the usual ansatz
m;i(t) = exp(wt)(ém +iym ) +im, one finally obtains a
set of 2N equations

N>

!
/
ol | b |}

(P -~

> (Afm =0 (i,j=1,...N; kl=y,8),
FIG. 8. Definition of the coordinate system. Theand ¢ axes hk A2)
are attached parallel and perpendicular to the static magnetizations
M;, respectively, and differ from layer to layes; is the spacing where N is the number of magnetic layers. The system of
between layers andj. All angles 6 are in the plane and measured equations(A2) has solutions only for certaim, which are
with respect tox. the spin-wave frequencies.

In the following, we will give the free energy terms and
butionJ,, to the coupling is found to be dominant at a spacertheir corresponding terms of the matrix componety
thickness of 6 A, where AFM coupling sets in. Théda  Note that we have divided thierows byi and they rows by
quickly decays with increasing spacer thickness to become-1 for convenience and in order to get real matrix elements.
about of 10% of], to the right of the AFM maximum found
at 7 A. This evolution of the coupling constants with spacer 1. Zeeman energy
thickness clearly supports the extrinsic originJ.fas pro-
posed by Slonczewski. Lo

Using our approach, an easy calculation of the spin-wave Ez=2> diM;Bey (A33)
frequencies is possible even for much thicker samples up to '
about 100 nm, for which a quantitative analysis previouslyleads to the matrix terms,
only was possible in the rather limited casesFofind AP
configuration. Our approach could also be applied to ex- Aziy=Azi6=BexCOK Oy — bp_ ). (A3b)
change springs, where the scheme of Grimsdéthl!® re- he Y b

quires considerable computational effort.
2. Cubic magnetocrystalline anisotropy
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x direction. The following matrix terms take into account an
arbitrary in-plane easy axis alor?ga:
APPENDIX READY-TO-USE EQUATIONS FOR EUTFA
We use a separate coordinate systefry () for each Aciy=
layer as in Ref. 7 and shown in Fig. 8. The logadxis { is

attached to the static magnetization and the locaxkis £ is

in the plane and perpendicular to the static magnetization. Acgit=
They axis perpendicular to the film is common to all layers. R4

The magnetic moments per unit angain the local coordi-

nate system are expressed by a coordinate transformation as 3. Uniaxial in-plane anisotropy

a function of the magnetizatiod; of layeri in the absolute

system k,y,z). Thenm, . is the static part anth; , andm; ,, 5

represent the small dynamic part of the magnetic moments. = _z (M Oea) (A53)
We consider, for each layer the Bloch equation with the

effective fieldb?®'" acting onm leads to the matrix terms

[3+COS{4( Om,— Oea} ], (A4b)

—0ed]. (A4c)
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2K i
Ayaly=———C0Z(0y — O, (A5b)
i,& Mi !
2K i
Aual:¢= =04 2( b, ~ bed |- (A50)
i, i i
4. Surface anisotropy
KSi 2
Esa= =2 — M7, (A6a)
i Mi
leads to the matrix terms
Ao 2Ksi A6b
42" Md,” (ABb)

5. Interlayer exchange coupling

Note that the signs of; and J, used by other authors
might differ (e.g., Cochraret al. in Ref. 7 uses the opposite

PHYSICAL REVIEW B67, 184404 (2003

Aci-1é= [—J3 Ycog Oy —6u)
iy i—1 i

M;_.di

—23, Meog2(6y,_ —0u)}].  (ATg)

6. Dipolar terms

Calculation of dipolar effective fields is more involved.
We follow the approach by Cochraand evaluate the dipo-
lar effective fields from the mode profiles in single-layer ap-
proximation, keeping terms second ordergd, as worked
out by Rezendet all* This approximation is good as long
as the thickness of all FNsublayers is small compared to
the magnon wavelength; that means abdjst 0.1/4:

sign forJ,). We define the signs according to the generalized

Heisenberg series 2 J;cosA 6:

N—-1
Ec=— 2, [J7' " tcog Oy — 6. )
=%t i i+1
+J5' " coS (O, — Oy, )]. (A7a)

i+1

The corresponding matrix elements are

1 . .
Lo ii+1 _ ii+1
Ac;é—Midi[Jl cog Oy, — Oy, ) +2J5
X o ( Oy, — Oy, )+ Iy Yot Oy —O)
+235 YcoS(Oy,_ — O], (A7b)

1 o .
Acie=pg [ teos by, — by, ) +235
i idi '

i+1

xco2( 0y, — Oy, )} +I7 Hcod Oy, — Oy)

+235 Heod2(0y,_ — )}, (AT0)
Ac:‘gl,y:m[—\]i]_'wrl_2Ji2’i+lC0$eMi_BMi+l)],
(A7d)
) _ _qii+1 _
Acz;lyf—m[ ‘]1 COiﬁMi 0Mi+1)
—235" cog2( Oy, ~ 0w, )}, (A7)
AC:’;lyy:m[_\]ailYi_2\]i271YiC030Mi71_eMi)],

(ATf)

Adip}y= roMi(1-qdi/2), (A8a)
Adip}¢= 2 oM AdiSIN( By, — 6g), (A8b)
Adgipl £v=—3 #oMiqdi(1 - qd;/2)exp( — s, ),

(A8c)

Adip{;i’gz 3 moM;adi(1—qd;/2)exp —gs; ;)
XSin( Oy, — 0)SiN( By, — 0, (A8d)

Adip{j;if: 3sgn(j —i)uoM;qdi(1—qd;/2)

X exp(—as,;)sin(Oy, — bq), (A8e)

Adip{';w: —3sgr(j—i)uoM;qdi(1—qd;/2)
Xexp(—Qs;,j)sin( Oy, — ). (AB)

S,; is the distance between layersandj consisting of
|j —i| spacers antj —i|—1 FM layers as sketched in Fig. 8.

7. Intralayer exchange

The effective fields due to the variation of the dynamic
magnetization in the direction of the in-plane wave vector
can be taken into account By

3= Ay t=Di?, (A9)

where D is the exchange stiffness constant defined in the
usual way aD =2A/M.

8. Angular momentum
Finally, the left-hand side of the Bloch equations is

A“’:EZA“’:'¥: —wly;. (A10)

184404-8
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