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Spin waves in exchange-biased Fe/FeF
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The unidirectional anisotropy in exchange biased Fe/fRyers is measured by Brillouin light scattering
(BLS) from spin waves in the Fe layer. This technique, where the ferromagnetic layer is always saturated,
allows for a straightforward, accurate determination of the exchange bias field. The value obtained from BLS
is 25% larger than the one obtained from conventional magnetometry. Moreover, a large broadening of the
spin-wave mode due to the presence of the antiferromagnet is observed. From the field dependence of this
broadening we conclude that the mode broadening is unidirectid@@163-18209)00506-§

FerromagnetioFM)/antiferromagnetid AFM) interfaces  trolled by a calibrated quartz oscillatdtFrom x-ray studies
are known to exhibit exchange biéEB) giving rise to a shift the Fe and Al layers were found to be polycrystalline, where
of the hysteresis loop along the magnetic-field &xighis  the Fe layer exhibits a roughness of about 1'imowever,
effect was first found for oxidized cobalt particfefue to  the Fek layer grows in the(110) direction, with typical
the technological importance of exchange bias for spin-valveocking curves ofA ~2°. In-plane x-ray studies reveal that
system3* there is a renewed interest in this the Fef layer is twinned, witH001-[ 110] twins along the
phenomenofi;*® however its microscopic origin still re- MgO[110] direction® For the following discussion we will

. 1-13 : ; —

mains uncleat’**The shift of the hysteresis 100Beg, IS refer to the[001]-[110] twins as the[001] direction. The
commonly used to quantify the strength of the exchange biagy change bias system Fe/RdFM/AFM) was chosen for its
effect.” Here we use Brillouin light scatterin@BLS) from large exchange bidand for its convenient Ne tempera-
thermally excited spin waves in the ferromagnetic layer toy o Tny=78 K).

investiga,t,e exchange bias. In BLS the surface “"Damon-  rnq oynerimental setup of the Brillouin light scattering
Eshbach” mode acts as a probe of the magnetic anisotropieg, ives a computer controlled tandem Fabry-Perot

present in the ferromagnetic layér.® From the shift of the ;o ferometel’ 18 combined with a He cryostat that allows
spin-wave frequency induced by the unidirectional anisot-

) =T optical access to the Fe/FeBample. The cryostat is set up
ropy due to the_exchange bias effect, the_: exchange bias fleﬁ;f) an external magnet in order to apply fields up to
Beg Ccan be easily and accurately determined. \We have found 400 mT. Hysteresis loop measurements were carried out
that Bgg obtained from BLS is larger than the one obtained

f ducti . ‘ d using a SQUID magnetometer.
rom superconducting quantum interference dev&QUID) To study the Fe layer anisotropies, the sample is exposed
measurements.

at room temperature to an external magnetic field of 200 mT.

Furthermore, the spin-wave modes in the ferromagnetiq;igure 1 shows the spin-wave frequency as a function of

layer show a strong enhancement of the linewidth at low, ' 1ane angleps of the external magnetic field with respect

temperatures. This broadening is strongly reduced by an exy, e [001] direction. The spin-wave frequency oscillates
ternal magnetic field, most efficiently in the direction of the petween 21 and 23.5 GHz due to the anisotropy fields

exchange bias. This asym_metri_c reduction indicates a unidl[:')resent in the Fe film, clearly showing a fourfold symmetry.
rectional character of the linewidth enhancement. These oscillations as a function of the anglg are well
deposition and then cooled to the Eefrowth temperature
(Ts=200° C), at which 90 nm of FeFwere deposited at a +B,

M
rated, at a rate of 0.1 nm/s &= 150° C. In order to protect X | Bcoq ¢pg— )+ MC]||d SIP(¢— pg) + Bs) ;
the Fe/Fek bilayer, a 3-nm capping layer of Al was 2
Torr and the pressure during deposition was lower thamwhere w is the spin-wave frequencyy the gyromagnetic
2x 10 ® Torr. The thickness of the different layers was con-ratio, B the external magnetic field the angle between the

1
B coq g~ ) + uoM s( 1- EQHd

The Fe/Fek films were grown on MgQLOO) substrates.  jascribed by the relatidh
The substrates were heated to 450° C for 15 minutes prior to

w)z_
rate of 0.2 nm/s by using an electron gun. Following the \ ¥
FeF, deposition, a 12-nm Fe layer was electron-beam evapo-
electron-beam deposited, at a rate 0.1 nm/$ gt 150° C. (1)
The base pressure of the chamber was better thah0L’
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FIG. 1. Spin-wave frequency of Fe/Felt T=300 K as a 100 150 200 250 360 350 400
function of the in-plane anglebg between the external fiel& . .
=200 mT and the[001] direction for qj=1.7x10° cm % The Magnetic Field B (mT)
solid line is a fit using Egs(1) and (2). The resulting anisotropy ) .
constants are given in the figure. FIG. 2. Spin-wave frequency of Fe/FeRs a function of the

applied magnetic field fory=7.5x10" cm™*, for T=100 K
(crosseg T=50 K cooling in +400 mT (full square, and T
=50 K cooling in—400 mT (open circles B is applied at 45° to
[001]. The solid lines are a fit using E@).

direction of M and the[001] direction, M the saturation
magnetizationg the wave vector of the spin wave parallel
to the surfaced the thickness of the magnetic layeB,,

_ 2 2 _ 2 2
= (IMg)(9"Fani/007), Bp=(1Ms)(9"Fani/d¢7) ~ where a4 100-200 counts above the background noise. The

Fani is the free anisot.rop.y energy densitythe out-of-plane spin-wave frequency at 50 K is depicted in Fig. 2 as a func-
angle of the magnetization with respect to the surface NOTE 1 of applied fieldB for two different cooling fields of
ggli]%?i‘zg;ze angle between the wave vectprand the 400 mT (upper and lower curye Additionally, the field

. : i dependence of the spin-wave frequency is plottedTat
The measured spin-wave frequencies are fitted by(Eq. :1p00 K (aboveT,) W?lere no EB gccurs)rlniddlg curve.
using a free anisotropy energy den&ity N7

The cooling field orientation clearly shows a large effect on
4 .4 2 the spin-wave frequency. While a positive cooling field in-
Fani($,0)=Kp* Sif? ¢ cos’ ¢ sirt* 6+ K x cos 6, (2) creases the spin-wave frequencies, a negative one reduces it.
yielding the fourfold in-plane Kg) and the twofold out-of- Other anisotropies influencing the spin waves are the same
plane (K?2) anisotropy constants as given in Fig. 1. For thesdOr Poth measurements except for the anisotropy induced by
fits the parameterdl =1.707x10° A/m,'® and y=1.84 the cooling field. Hence, _thls frequency shift is attributed
x10M T~ 15! (Ref. 20 were used. During the fitting pro- purely to the exchangg bias. Therefore, the spin-wave fre-
cess the direction of the magnetizatignis calculated by quency aff =100 .K which .ShOUId not show any shift due to
minimzing the anisotropy energy and the magnetostatic er=B, falls _exactly in the middle between the two 50-K ex-
ergy with respect tap. The maximum deviation of the di- change biased curves. . .
rection of the magnetizatiogp from the direction of the ex- The exchange bias anisotropy can be described by adding
ternal field¢g was found to be 3°. Therefore, for the sake ofthe term
simplicity, we assume cog—¢)=1. unic 4y el _ ;
The positions of the spin-wave frequency maxima along Fani(#) =K 0% funi— &) % sinf )
the (001) directions in Fig. 1 show that &=300 K there to Eq. (2), with K; the first-order unidirectional anisotropy
are four equivalent easy axes directions of the magnetizatiogonstant andp,,; the direction favored by exchange bias.
To induce exchange bias a field 400 mT (or —400  Calculating the anisotropy fields (L) (3°F,,i/d6%) and
mT) is applied along the hard axis directigire., ¢g at 45°  (1/M)(9?F i/ d$?) for fixed anglesd= /2 (i.e., in-plane
to the [001] direction at 120 K and the sample is field magnetizationand ¢= ¢,,; (i.e., magnetization along cool-
cooled to 50 K(i.e., belowTy=78 K). To avoid sample ing field direction and taking into account Eq§2) and (3)
heating due to the laser, spin-wave frequencies were megeparately, Eq(1) takes the form
sured at different laser powers. SinBgg is temperature
dependent, local heating reduces its magnitude, inducing w\?
changes of the observed spin-wave frequency. Above 50 (;) =
mW laser power slight shifts of the frequency were observed,
hence the remaining experiments were all carried out at 25
mW. At T=50 K the scattering intensities are rather weak, X
so that the spectra were recorded over a time of typically
8-12 h. The accumulation time in each charjfrele spectral whereB, andBj are independent dK,%. Thus effectively
range (FSR=2.4, 200 channels/F§Ramounts to about the unidirectional anisotropy shifts the spin-wave frequency
50-75 s. The maximum number of counts in the peak igust like an external magnetic fieEBz—KélMs. To ob-
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' ' ' ' ' ' always saturated, i.eMg is either at¢p=0° or ¢=180°,
4r i,«,.a--—-l-"“""""'l thus all the orders of the unidirectional anisotropy
: [K,cos(g) + K3 cos(¢) + - - -] are probed at their extremal

2

Magnetic Moment (10 "Am~)

-

(S
T

J : - values. However, in SQUID measurements the magnetiza-
| tion is turned continuously by the external field. As can be
f ',l seen in Fig. 3 the shape of the hysteresis curve is not square
) j looplike and reveals a slowly turning magnetization rather
j J[ than an abrupt change of the magnetic moment. Here the
§

2r exchange bias field is determined from the mean value of the

;J‘,.-‘ two intersections of the loop with the field axis &t=0.
vy B 30mT . Hence the magnetization is a@=90° with respect to the
. - | . ! s magnetic-field direction or, assuming domain formation, it is
-100 755025 025 5075 100 locally at some arbitrary value (8°¢<180°). Therefore
Magnetic Field B (mT) the anisotropy energy is probed at the angle different from
$»=0° and ¢=180° whereM=0 and consequently the
higher-order anisotropy terms contributeBgg not at their
maximum values. Therefore the effect of the unidirectional
anisotropy can be studied much more precisely from the shift
of the spin-wave frequencies.
tain the strength of the unidirectional anisotropy the spin-  Fyrthermore, the measurements carried out at 50 K ex-
wave frequencies for positive and negative cooling fields imjpjt a strong increase in the spin-wave mode width. While at
Fig. 2 are fitted simultaneously using E@). The fitting  room temperature the peak widffull width at half maxi-
parameters ark;, K3, andK, whereK; is taken positive  mum (FWHM)] is about 1.5 GHzapproximately the instru-
(negative for negative(positive) cooling fields. This proce- mental resolutiop at 50 K the peak width increases up to 5
dure enables us to directly and accurately obtain the value a§Hz. Similar mode broadening was observed in BLS mea-
K3 from which Bgg= —K3/M is calculated. HoweveBeg  surements of FeNi/FeMn exchange bias lay8is,t only its
can also easily be obtained from the separation along thdirectional dependence was studied and no evidence for a
field axis between the fitted frequencies for positive andunidirectional character of the mode broadening was found.
negative cooling fields in Fig. 2. Hence we obtdigg  Also, FMR studies of exchange bias systems, which probe

FIG. 3. Hysteresis loop of Fe/FgRat 50 K after field cooling in
+400 mT using a SQUID magnetometd.is applied at 45° to
[001]. The solid line is a guide to the eye.

=39.5-1.2 mT. spin waves with zerd vector, show similar mode width
The shift of the hysteresis loop obtained from the SQUIDenhancemenfs;2
measurement in Fig. 3 yieldBgg=30 mT. Thus the ex- The dependence of the mode broadening on the direction

change bias field measured by magnetometry is about 25%f the measuring field with respect to the cooling field is
smaller than the one obtained by BLS. Similar differences irshown in Fig. 4. For parallel alignment of the external and
the value ofBgg have been observed in Co/CoO betweencooling fields[Fig. 4a)] the mode width decreases as the
hysteresis loop measurements and techniques where the Fdternal field increases. =400 mT the value found at
layer was kept in a remanent staté? room temperaturédotted ling is reached. For antiparallel
This difference can be explained if higher order terms ofalignment{Fig. 4(b)] the decrease of the peak width with the
the unidirectional anisotropy are taken into account. Suclield is much weaker. Note, that well aboVg, there is no
higher-order terms have been suggested in exchangé biawroadeningdotted ling, thus we attribute it to the presence
and other systenfé.In the BLS experiment the sample is of the antiferromagnetic FgRayer. One of the reasons for
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FIG. 4. Spin-wave mode widttFWHM) of Fe/Fek as a function of the external field, f¢a) parallel cooling and applied fields aria)
antiparallel cooling and applied fieldB.is applied at 45° t¢001]. The solid lines are least-squares fittings to straight lines. The dashed lines
show the linewidth af =300 K, which corresponds to the spectrometer resolution.
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this linewidth enhancement could be a spatially fluctuating Although both linewidth enhancement and exchange bias
magnetic structure formed at the interface. This fluctuatingesult from the ferromagnetic-antiferromagnetic coupling
field could arise from local magnetization ripples at the in-they do not imply each other. This can be seen in Fig) 4

terface or inhomogeneous exchange coupling across the ivhere at 400 mT no linewidth enhancement is observable for
terface. It is noteworthy that inhomogeneous FM domainshe parallel field alignment, whereas the shift of the spin-
have been observed in some systems even in fields larggaye frequency persists at 400 nfiig. 2). This means that

enough to saturate the sampleThis enhancement could an external magnetic field is able to reduce the origin of the

also arise from an increased damping of the spin waves dugewidth broadening but the origin of exchange bias is un-
to the presence of the ferromagnetic/antiferromagnetic inter;¢acied.

face. Such damping could be caused by the excited FM spins 1, o5¢jusion, we have shown the effect of exchange bias

“dragging” Some A'.:M spins. The different meche_mi_sms_for n the spin waves in a ferromagnetic layer which is coupled
the observed linewidth enhancement may be dlstmgmshe?O an antiferromagnet. The frequency shift of the spin waves

by the resulting shape of the broadened mode. The Spat'aléfue to exchange anisotropy enables us to accurately quantify

rllvuhﬁltgag'ggr;ntﬁlrfav%guﬁoréiurﬁ#g 'Cofesz?:r?sl;ﬁg S“Egi)zghap%he unidirectional anisotropy and the exchange bias field by
ping : . ' .Brillouin light scattering measurements. A gquantitative dif-
However, no clear evidence for one or the other line shape i ence of 25% between conventional magnetometry and

found in our data. ; : .
There is a substantial difference in the broadening forBLS is found and attributed to higher-order terms of the

parallel or antiparallel alignment of the cooling and the ap_amsotropy. An enhanced spin-wave mode width is found due

. . ; . . . to the ferromagnetic/antiferromagnetic interface, revealing a
plied fields(see Fig. 4 The reduction of the linewidth for spatially fluctuating magnetic state at the interface or in-

tcTeeaﬁarallreol\,f;siﬁgahS%Teocttigﬁaﬁeﬁﬂ;?agtfrag:'pti?";lo%ae% eased damping. It is shown that the mode broadening is
y b sensitive to an external magnetic field while the strength of

broadening. L . o
. g L - the unidirectional anisotropy shows no significant change.
This unidirectionality is probably related to the unidirec- The mode broadening is also shown to be unidirectional.

tionality of the coupling. Parallel alignment of the cooling
field and the applied field favors a low-energy configuration This work was supported by the Deutsche Forschungsge-
of the spins, thus broadening is reduced. Antiparallel alignmeinschaft through SFB 341, the German BMBF through

ment creates a high-energy spin configuration which leads tBroject No. VK6677 and the U.S. Department of Energy.

frustrated interface spins which should enhance the modé&.N. thanks the NATO Scientific Committee and the Spanish
width. Ministerio de Educacioy Cultura for their financial support.
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