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heterostructures: Bilinear exchange magnetic coupling
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Epitaxial Cu(60 A)/Fe(20 A)/Cu@c,)/Fe(60 A)/Cu(60 A) heterostructures with the Cu spacer thickness
de, ranging between 0 and 33 A have been grown on77reconstructed surface of ($11) substrates.
Fco111) Fe films grow epitaxially on the Gli11) buffer layer up to a thickness of 6-8 A, while, for larger
thicknesses, one observes the appearance of three-dimensional(bt0 Eemains in the Kurdjumov-Sachs
orientation. Brillouin light scatteringBLS) from thermally excited spin waves has been exploited in order to
study the interlayer exchange coupling between the two Fe films at room temperature. The experimental
spin-wave frequency dependence on the applied magnetic field is simulated using a simple model which
includes first-order intrinsic volume and interface anisotropies and takes the bilinear exchange interaction
between the two ferromagnetic layers into account. We have found that for thicknesses of the Cu spacer larger
than 6 A, the Brillouin spectrum consists of two spin-wave modes due to the Fe double layered structure
which depends on the Cu-layer thickness. The coupling is found to be ferromagnetic for the whole range of Cu
spacer thicknesses investigated. Using the magnetic parameters determined by the above analysis, we have
carried out a detailed calculation of the BLS cross section assuming the dynamic magnetization to be constant
across each magnetic film. A very good agreement between the calculated and the measured cross sections has
been obtained.

[. INTRODUCTION thicknesses of the Cu spacer. Brillouin intensities calcula-
tions in Fe/Au/Fe coupled filmMisased upon an extension of
In the last decade different experimental techniques havthe approach applied to a single filtave shown the effect
been applied to the investigation of exchange coupling irof the interlayer coupling constant on the scattered light in-
ferromagnetic bilayer samples. In particular, the earliest Briltensities. Brillouin cross-section calculations based on a par-
louin light scattering investigations of interlayer coupling in tial wave approachwith variable dynamic magnetization
polycrystalllne Fe/Cu/Fe bilayers were performed by 1Gru across ferromagnetic films have been performed by Rous-
berget al'~3More recently, Brillouin light scattering experi- signe and co-workers on Co/Cu/Co and Co/Au/Co struc-
ments on exchange coupled ultrathin Fe films separated byires to obtain magnetic anisotropy and interlayer exchange
epitaxial C1{001) grown on Ad001) single crystal have been coupling. An oscillatory behavior of the interlayer exchange
performed by Cochraet al* They found that the interlayer as a function of Cu thickness has been found.
exchange coupling changes from ferromagnetic to antiferro- In previous papers, we have shown that epitaxial Cu/
magnetic as the Cu layer thickness was increased above nifi@/Cu heterostructures with Fe thickness between 2.5 and
monolayers. Subsequently, Heinriehal® studied the inter- 110 A can be successfully grown on th& 7 reconstructed
layer exchange by ferromagnetic-resonafe®IR) and sur-  surface of Sil111), using the metal-metal epitaxy on silicon
face magneto-optical Kerr effe¢€SMOKE) in bcc Fe/Cu/  technique(MMES).2%*! The growth of ferromagnetic films
Fe001) structures grown on A@01), Cr(001), and F€001)  on semiconductors offers the opportunity for many new tech-
substrates. They found that the exchange coupling exhibits mological applications in the field of sensors and spin
short-wavelength oscillatory behavior from a ferromagneticelectronics® Fcq111) Fe films grow epitaxially on a
to an antiferromagneti€AF) interaction. To this respect, we Cu(11l) buffer layer, deposited on theX77 reconstructed
notice that most reports on oscillatory magnetic couplingsurface of Si111), up to a thickness of 6-8 A. For larger
through nonmetal spacers have concerned106) orienta- thicknesses one observes the appearance of three-
tion, whereas coupling through th@11) orientation has dimensional bcc F&10 domains in the Kurdjumov-Sachs
been somewhat more difficult to observe. In theirddbauer (KS) orientation characterized by a high magnetic moment.
study on the magnetic coupling on #&0/Cu(111) multi-  The KS orientation is a special case of the one-dimensional
layers, Freelanet al® measured a ferromagnetic interlayer matching between b¢t10) and fcg111) with sides of the
exchange coupling over the whole investigated range ofhombic unit meshes of the film parallel to those of the
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substraté* The growth of bc€110) Fe domains in KS ori-  (UHV) system with a base pressure of<%0 ! Torr,
entation yields the appearance of new satellite spots in thequipped with standard preparation and characterization fa-
low-energy electron diffraction(LEED) pattern superim- cilites such as low-energy electron diffractiof. EED),
posed to the hexagonal net of pseudomorphic Fe OKikuchi electron diffraction KED) and Auger electron spec-
Cu(111).*>*® Low-temperaturg¢20—150 K Kerr effect mea-  troscopy(AES). The surface of the §i11) crystal ® type,
surements revealed that Fe films thinner than 5-6 A arg.1Q0 cm, 1x1x0.02 cni) has been cleaned following
ferromagnetic with an easy axis magnetization perpendiculahe procedure described in Ref. 20. To obtain the best con-
to the film plane. With increasing Fe thickness, in coinci-ditions of epitaxial growth and to avoid the formation of Fe
dence with the fcc-to-bce structural transformation, the easilicides and/or metallic islands, a Cu buffer layer 60 A
axis switches to the in-plane orientation over a finite range ofhjck was deposited at room temperature on the clean Si
thickness.’ substrate before the evaporation of the 60-A-thick Fe
In this paper, we extend the study to the case of two irorjjm 1021 o top of the 60-A-thick Fe film, we have depos-
films separated by a stepped layer of Cu with thicknedsgs jted a stepped Cu interlayer with step thickness of 3 A and
ranging between 0 and 33 A in steps of 3 A. In the case Ofateral width of 3 mm instead of an uniform Cu film. This
dc,=0 the system consists of a single iron film 80 A thick. procedure reduces the preparation time and the scattering of
In order to interpret the Brillouin light scatterin@LS) data  data resulting from variations of the deposition conditions.
and to study the interlayer exchange coupling, we have exthe growth of a stepped layer was achieved placing a retract-
tended the constant dynamic magnetization model applied tgpje shutter between the sample holder and the evaporation
a single film to a double film. The generalization has beernte|is. As a result, an increasing area of the sample is exposed
performed including in the Hamiltonian the bilinear cou- tg the flux from Cu source and covered by the deposition
pling. This permitted us to achieve a very satisfactory repromaterials. On top of the Cu interlayer, a second Fe film,
duction not only of the measured spin wave frequencies, butg A thick, was evaporated and finally a Cu protective cap-
also of the experimental Brillouin cross section. ping layer 60 A thick was deposited on top of the second Fe
The paper is organized as follows. Section Il describes th@m in order to prevent it from oxygen contamination during
Brillouin experimental setup. Section Il illustrates the ey sjty measurements. The evaporation of metallic layers
sample preparation. Section IV presents the theoreticainto the Si substrate, kept at room temperature, was obtained
model used to reproduce the experimental data. Section Yeating the source material above its melting point by flow-
compares the calculations with the experimental resultsng a current of several amperes in filamen(surity

while conclusions are outlined in the last Sec. VI. 99.999 %) of 1 mm diameter. The pressure during deposition
rose to a few 10%° Torr. The growth rate, for both Cu and
II. BRILLOUIN EXPERIMENT Fe, was about 0.1 A/s. For each of the materials the thick-

ness was measured by a calibrated quartz microbalance. Au-
For the BLS experiment a Sandercock-ty{8+3)-pass  ger spectra have been carried out to check the cleanliness of
tandem Fabry-Perot interferometer characterized by a finessge substrate and the atomic purity of the deposited overlay-
of about 100 and a contrast raffichigher than 510" is  ers, Sizable interdiffusion between metals and silicon or for-
used to separate the inelastically scattered light from thenation of metallic islands can be excluded because only the
elastic scattered lighP-polarized light, with power ranging characteristic Auger features of the deposited materials have
between 100 and 200 mW, from a 5145-A*Aion laser is  peen observed.
focused onto the sample surface and the scattered light de- Concerning the structural characterization, we show in
tected with typical sampling time of about 0.5 h. A sketch ofFig. 1 the LEED patterns of the two iron films, taken at the
the experimental apparatus can be found in Ref. 19. BLSame energy64 eV) for a Cu interlayer thickness of 18 A.
spectra were recorded in the backscattering configuration Usthe LEED patterns produced by the growth of Fe (&)
ing the same objective to focalize |Ight onto the Sample Surdomains in KS orientation on Fe fm:]_) films are expected
face and to collect back |Ight to the interferometer. The CON+to consist of a cluster of satellite spots p|aced in a position
servation of momentum in the photon-magnon interactiorcorresponding to the hexagonal net of the underlying Fe lay-
implies that the spin-wave wave vector parallel to the filmers pseudomorphic with Cii11).** Since the spot intensities
surface is linked to the optical wave vectiy and to the  vary with electron energy, not all the five spots are clearly
angle of incidence), by the equationq=2k;siné . All spec-  observable at the same energy. In our case, because of the
tra were recorded in air at room temperature at an incidencRirge Fe film thickness with respect to the critical thickness
angle of light 6,=45° and thereforej=1.73x10° cm™*.  (6-8 A) where the bdd10) domains start to appear, the
The sample was placed between the poles of an electromagtuster of spots appear to be broadened. The LEED pattern of
net used to produce a dc magnetic figldwith maximum  the Cu interlayer is sixfold symmetric as that of the Cu
intensity of 6.0 kOe. This field was parallel to the film sur- puffer layer and is rotated by 30° with respect to the that of
face and perpendicular to the plane of incidence of light.  Sj(111).1%2! The reason of the sixfold symmetry of the Cu
buffer layer when deposited on thex7 reconstructed sur-
IIl. SAMPLE PREPARATION AND STRUCTURAL face of S(lll),. instead Qf the threefo_ld gxpected one of a
CHARACTERIZATION Cu(_lll), are dlscu.ssed in great details in Ref. 11. On t.he
basis of the chemical and structural results, we are particu-
Cu(60 A)/Fe(20 A)/Cudc)/Fe(60 A)/Cu(60 A)/ larly confident of the continuity of the film, well-defined
Si(111) films, withdc,, interlayer film thickness ranging be- crystal orientation and absence of an interdiffusion process
tween 0 and 33 A, were prepared in a ultrahigh vacuunin our heterostructures.
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FIG. 2. The sample geometry pictorially represented together
with the backscattering configuration; the directions of both the
incident E, and the scattereds electric fields are depicted;
=45°. Film A: Fe (110=20 A; Cu stepped interlayer; filnB:

Fe (110=60 A. The external fieltH and the parallel propagation
magnon wave vectag are shown. The white arrows in each ferro-
magnetic film indicate the direction of the static magnetizations,
(b) respectivelyM, andMyg, at all applied fields. The Cu interlayer
thickness varies from 0 to 33 A. Steplike variations are of 3 A.

FIG. 1. LEED patterns of Cu/Fe/Cu/Fe/Cu/Bil) heterostruc-
tures of the two Fe films(@) 60 and(b) 20 A thick, in the case of 1 oM, B

eff
interlayer Cu thickness of 18 A. - ; a M xH™, )

IV. THEORETICAL MODEL
where y= y.0/2 is the gyromagnetic ratio withy,=1.759

In the limit of thin films and, in particular, for iron films x 10’ Hz/Oe the electronic gyromagnetic ratio, agahe
with thickness below 100 A, it is a valid approximation to splitting factor for Fe H" is the effective magnetic field of
suppose the dynamic magnetization constant across eagfe Ith layer given by
layer?? As depicted in Fig. 2, the static magnetizations of
layers A and B, respectivelyM, and Mg, lie in the films
plane and are parallel to the applied magnetic fi¢ldue to off 1 an A, d
the isotropic nature of the sample in the direction parallel to HP=H=- - VU Heernt -V MIHHE (4)
the film plane, the anisotropy energy assumes a phenomeno- °! o
logical form which depends only on the polar angland is
not a function of the azimuthal angl¢.>>2* Therefore the The second term on the right side is the out-of-plane anisot-

density energy of théth layer is given by ropy magnetic fieldHg,p is the interlayer exchange field
(1) including the bilinear coupling, the fourth term is the intra-
U=—K"Yeog9—H-M,, 1=AB, (D) layer exchange field witih, andMy, the exchange stiffness

where the first term on the right side is the anisotropy energ r?glstti?r:‘itlrr?ngntgadSZ[Lf[Laetizri]ch;ggggjz?):‘i(mé trﬁsfﬁridiésly’ of
’ | .

U with KM =K+ 2K ¥d,— 27 M? the first-order anisot- ding the total ivation f h film to first ord
ropy constantK,” and K} are the volume and the interface expanding the total magnetization for each fiim 1o Tirst oraer

anisotropy constants, respectively, amdis the film thick- in the dynamlq magnetization, the dynamical equations may
5 . be expressed in a matrix formZs
ness, whereas 27 M refers to the shape anisotropy of the
Ith film which is responsible for the in-plane magnetization.
We have not taken into account the second-order anisotropy 4
contribution, because it turned out to be negligible with re- > [a;+B;1m=0 (5)
spect to the first-order one, as observed in single iron’ftim. =1
The magnetic anisotropy field is so modeled by first-order
anisotropy energy contribution, only. ] ) ]
The total energy per unit area of the ferromagneticallyWith mi(ms) andmy(m,) the x andy dynamic magnetiza-

coupled bilayer system may be expressed as tion components of filnA(B), respectivelya;; is a function
of the second derivatives of the energy density with respect
MA-Mg to the azimuthal and polar angles af is theg-dependent

2 correction matrix to first and second perturbative order in the
propagation vector. The former gives the magnon frequen-
whereJ, is the bilinear exchange constant. cies in the long-wavelength lim#, while the latter takes the
The dynamic problem has been faced numerically solvinglipolar and the intralayer exchange fields into account. In
the Landau-Lifshitz equations expressed, for eachlfjla¥>  our system they assume the following expressions:

E:dAUA+dBUB_‘]1ma
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[ E¢A¢A E¢A0A s w _ E¢A¢B E¢A05 1
da da A ds dg
EgA¢A (&) M E9A9A E9A¢B E"A‘ga
J— _I J—
dA Y A dA dB dB (6)
;i = ,
1] B E¢B¢A Ed)B(}A B E¢B¢B Ed’BgB . 2
da da dg dg I Y B
_ EHB¢A EHB‘9A _ E08¢B v M Eesas
L dA dA dB ! Y B dB i
where the subscripts indicate the second derivates with respect to the @naiesd and
[ 2 Aa, ; l
_|Q|dAMA_7q 0 —|g[daMaMg q daiM Mg
2 Aa s i
0 _|Q|dAMA+7q —q daiM M3 —[qldAM Mg
Bij=2m A 7
. B
_|q|dBMAMB —q dBIMAMB —|q|dBMé_?q2 0
. 2 AB 2
q dgiM AM3g —[qldgMaMg 0 _|q|dBMB+?q

The matrix elements linear in the magnon wave vector are of he constanC is expressed in terms of optical and geometri-
dipolar nature, while the terms quadraticqroriginate from  cal properties of the systetf?®
the intralayer exchange couplings. The magnon frequencies
have been obtained imposing that the determinant 63
vanishes at various external fields For a fixedq the nega- ]
tive solutions are Stokes frequencies, while the positive ones For thicknesses of the Cu spacer larger than 6 A, the
are anti-Stokes frequencies. As a consequence of the dipolgteasured Brillouin spectra consist of two spin-wave modes
correction term, Stokes and anti-Stokes frequencies are néti€ to the Fe double layered structure. The absence of such
symmetric. The solutions of E@5) give the complexx and ~ two-peaks structure in the low Cu coverage randg,t 3
y Components of the dynamic magnetization for each |ayera.nd 6 A) can be associated to a direct contact between the
The multiplicative constant is determined imposing that thefwo magnetic layers through pinholes caused by interface
average excitation ener%y)f each normal mode is equa| to rOUghneSS. Both the measured BLS frequenCieS and the cal-
KBT with KB Boltzmann constant and temperature of the culated flttlng Curve$tW0 branChesare shown in Flg 3 for
thermic bath in contact with the magnetic system. The evalusome Cu spacer thickness. For the whole range of thick-
ation of the scattered electric fielf represents the main Nesses analyzed one observes that the frequency of both
step in the calculation of the scattering cross sectiis ~ Modes increases almost linearly with Magnetic param-
proportional to the magnetization-dependent dielectric tensdpters have been extracted by fitting the calculated spin-wave
fluctuationse.?® In the calculation oe we have considered frequency to the experimental behavior. _
the first-order magneto-optic effect. This means that the ten- In the fit procedure we have kept fixed the intralayer ex-
sor is proportional to the complédg Faraday constant and is phange stiffness constant of both .Iayers atl its value fo-r bcc
linear in the dynamic magnetization components. Thereforéon (2.0x erg/cm) and we have fixed the interface anisot-
only the off-diagonal tensor terms contribute to light- "OPY constants to the value obtained for the single iron
scattering from spin-waves since the diagonal ones are zerflm*: Kz=K3=0.43+0.02erg/cth . We have used the
We have applied the Green’s-functions formalism to solvesplitting factorg=2.09, a typical fitted value for irohand
the propagation equation to first order in the scattered fieldhe saturation magnetization of each film has been adjusted
E.. The Brillouin scattering differential cross section around its Fe bulk value, i.e.,MMs=21 kOe. For the en-

tire range of Cu spacer analyzed, we have obtained from a

best fit procedure the following values for the first-order an-
(@ isotropy constants of each film: KX=(3.45-0.2)

X 10P erg/cn?, Kg=(1.75+0.2)x 1¢° erg/cnt. The positive

sign of the interface anisotropy indicates that the surface nor-

V. RESULTS AND DISCUSSION

d’o —CN |Es|2
dde SN g

is proportional to the square of the scattered fiEldand
depends on the usual thermic Bose-Einstdifw) factor,
which, at room temperature is approximated KyT/% .

mal is a magnetic easy axis, even if, owing to the dominant
shape anisotropy, the magnetization lies in the film plane.
We have found two different values for the volume anisot-



Y
Y
w
(o)
N

BRILLOUIN LIGHT SCATTERING STUDY CF ... 16 113

40

IS
o

8 2
o= 35| a5l
<) Q.

s o g

8 o5t g5

g g 2
& 20r |

[ O 451

TS 5

5 Z 10}
£ 1or g

=] (= N
m 5 L L L L Il 1 L w 1 1 1 1 1 1 L
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000 FIG. 3. M ; )
. e . 3. Magnon frequencies vs
Applied field (Oe Applied field (Oe . . .
PP (©e) PP (Oe) H for various Cu interlayer thick-
40 40 nesses. Open squares: BLS data.

8 (© Cu=15A T sl Cu=18 A Lines: calculated frequencies.
5oy 5

N’ N’

= 301 > 30

Q

§ 25} g o5f

=] &

© 201 L 20

= i3

o 16 © 15}

] 3

z 10} 2 10

' g

2 sf B 5l

& L L s L L L s A .

0 1000 2000 3000 4000 5000 6000

. ) . . . )
0 1000 2000 3000 4000 5000 6000

Applied field (Oe) Applied field (Oe)

ropy constant in the two layers. This behavior is due to thdilms. To reproduce the slope of the low-frequency mode,
geometrical asymmetry of the system which lowers the volespecially at low field$d, the bilinear term assumes a con-
ume anisotropy of the thicker layer. The averageKéfand siderable importance. The absence of any antiferromagnetic
Kg gives a numerical value very close to the one fitted verycoupling can be due to the high curvature of the Fermi sur-
recently for the single filmi! In addition, the values ok ~ face near the extremal spanning vectors for (thil) orien-
andKY are rather larger than the magnetocrystalline volumd@tion, if compared, for instance, to th00) orientation-* In
anisotropy for bulk F&? indicating that some additional con- these conditions, even the presence of a slight bias field re-
tributions such as, for example, magnetoelastic anisotropy>t/ting from growth artifact can be sufficient to mask any
comes to play a significant role in determining the magneti@ntiferromagnetic coupling. .
anisotropy. In Fig. 5, the BLS frquenc.y data and the fitting curves
The obtained values af,, as depicted in Fig. 4, are al- &€ drawn, for a_flxed applied field=1 kOe, as a function _
ways positive indicating a ferromagnetic coupling, in agree-Of Cu spacer thickness. Th_e agreement between theor_etlcal
ment with the shape of the Kerr hysteresis lodpa com- calculations and BLS data is very gpod for both the high-
parison with the Mesbauer results on Ee0/Cu(111) and the low-frequency branch. The fit curves reproduce the
multilayers of Freelant al® shows a qualitatively similar 92P between the two branches, which remains approximately
behavior even if their data accounted for a much more eviconstant for Cu thickness above 18 A with only little varia-
dent oscillatory component superimposed to the monotonigons, strictly related to the osci_llations of exchange coupling.
decrease. The effect df is more pronounced on the fit of F|gur_e 6 shows the comparison between _the cross-section
the low-frequency mode as a function of the external figJd calculations and the BLS spectra for three different Cu spac-
which is the most sensitive to the exchange between the twB"S at low and high external field and in the limit of single
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FIG. 5. Magnon frequencies as a function of Cu thickness at
FIG. 4. J, vs Cu spacer. Full circles: fitted values. Line: guide to H=1 kOe. Symbols are experimental points. Line: calculated val-
the eye. ues.
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film (dc,=0) at low magnetic fields. The agreement be-Stokes asymmetry of the exchange mode is related to the

tween the experimental data and the theoretical results igign of the two dynamic magnetization components. For the
good for all the Cu spacers investigated. A common featur&tokes exchange mode the respective components of the dy-
of the BLS spectra is the asymmetry of the intensity peaks oflamic magnetization are of the same sign in each layer,
the Stokes side, which becomes less evident at high applietihereas for that on the anti-Stokes side they are of opposite
fields. The highest intensity peak corresponds to the Damorsign in the whole range of external fields applied. The effect
Eshbach mode, whereas the lowest intensity peak is relatezh the cross section is represented by a greater cancellation
to the exchange mode, the most sensitive in frequendy.to for the peak on the anti-Stokes side with respect to the cor-
The Damon-Eshbach mode is present in the thicker layer Brespondent on the Stokes side.

which gives the greatest contribution to the BLS peak. The In Fig. 6 one notes that the intensity of the exchange
nature of this mode is acoustical since both components ahode increases with increasing external fidldnd becomes
the dynamic magnetization precess in-phase. Due to its no@most comparable to that of the Damon-Eshbach mode at
reciprocal nature, it becomes much less pronounced on tHagh fields. The contribution of the inner layBrto the scat-
anti-Stokes side. The exchange mode is at a lower frequendgring cross-section of this mode is small wheéris high, so

and it is not preferentially present on fill or B. It is an  the interference between the out-of-phase dynamic magneti-
optical mode given by the out-of-phase precession of theations of the two layers is slight. Due to the out-of-plane
dynamic magnetizations of the two films. The Stokes anti-anisotropy energy modelling the system, the greatest contri-
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bution to the scattering cross section for both modes is giveBLS cross section was calculated using a simple model wich
by they component of the dynamic magnetization in theassumes the magnetization profile uniform within the films.

entire range of applied fields. The comparison between experimental spectra and scattering
cross-section calculations is very satisfactory especially at
VI. CONCLUSIONS high applied fields.

In summary, we have grown a sequence of high quality
thin metallic films on the K7 reconstructed surface of
Si(111) substrate using a Cu buffer layer. From the frequen-
cies of the spin-wave modes, a positive value of the bilinear This work has been developed in the framework of the
interlayer exchange couplindy was measured indicating a INFM Project SIMBRIS. The authors would like to thank R.
ferromagnetic exchange coupling of the two iron films. TheBernardini for sample preparation.
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