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We studied sputtered Ni@50 nm/NiFe exchange-biased films using Network Analyzer
ferromagnetic resonance spectroscO-FMR) and Brilliouin light scattering BLS) techniques.

The complex permeability spectra were obtained for NiO/NiFe films and were fitted to the Landau—
Lifshitz—Gilbert equation to determine intrinsic and extrinsic contribution to Gilbert damping, in
addition to other magnetic parameters. The exchange anisotkbpy) (was determined from the

field variation data of NA-FMR resonance frequenéy.d and BLS mode frequency (). Hgx was
observed to decreases as 1l/thickness, from where we derive macroscopic interfacial exchange
energyJg=0.021 erg/crh. Second, we investigated the relaxation mechanism in NiO/NiFe films
from NA-FMR linewidth (Af,.9 for wave vectolkk=0 mode and from BLS mode linewidtiAf,,,)

for k#+0 modes. Interestingly, we observAd,.sto increase with increasing magnetic field KAt

was observed to decrease with increasing magnetic field. Therefore, it is confirmed that, the
relaxation rate measured by FMR and BLS techniques is diffefeints was observed to increase

with decreasing NiFe thickness and follows & fit function, from which we determine the local
interfacial exchange energly=3.3 erg/crd. © 2003 American Institute of Physics.

[DOI: 10.1063/1.1557964

The phenomena of exchange bi@EB), discovered 4 We deposited polycrystalline NiO/NiFe exchange bias
decades ago by Meiklejohn and Béais, primarily due to  films on Si substrates using a dc magnetron sputtering sys-
the interaction between ferromagneti®) and antiferromag- tem with a base pressure of 1 Torr. The films were de-
netic (AF) films at their interface. The effect produces a shift posited with a small external magnetic field in the sample
of the hysteresis loop in addition to an enhanced coercivityplane to induce a uniaxial anisotropii () in the NiFe layer
The model by Mauriet al? assumes the formation of a do- and to define the direction of the EB axis. Permalloy and
main wall in the antiferromagnet parallel to the interface.NiO were deposited at a rate of 1 A/s. First the NiO film was
Malozemoff interpreted exchange bias in terms of randomgrown and the thickness was kept constant at 150 nm for all
exchange fields due to interface roughness. The recetiie films. The NiFe film was grown on NiO with thickness
review$® outlined many theoretical and experimental ap-(tp) of 2.5, 10, 15, 25, 30, 35, 40, 45, and 50 nm. At the end,
proaches to this problem. There are many uncertainties irb nm of Cu was grown to cover the NiFe layer.

cluding the origin of exchange bids® relaxation phenom- In the NA-FMR technique, we used a vector network
enon, and line broadenifd, etc. which require more analyzer(HP-8720B to measure the comple® parameters
research to gain better understanding. of the EB films. The film was placed across a coaxial recep-

Ferromagnetic resonan¢EMR) is a very sensitive tech- tacle to produce an electric short circuit between the center
nigue which can be used to study exchange-biased structurgsl, =0.135 cm) and outerd, = 0.4 cm) conductors of the 50
In addition to using the FMR frequency () to determine () transmission line. The rf excitation cell was designed for a
Hex, the frequency linewidth&f,.d is a direct measure of cutoff frequencyf o= 2¢/{m(d,+d,) Ve, } =28 GHz(c is ve-
the relaxation rate of the uniform precession and the strudocity of light, &, is Teflon dielectric constapaind character-
tural quality of the EB films. The relaxation rater,{ istic impedanceZ={60/\/e,In(d,/d;)=50€. The complex
=1/2wAf,9 is a direct measure of the coupling energy atS parameters $;;) were measured over a continuous fre-
the interface. The line broadening studied recently by variougjuency range of 1 MHz—10 GHz. In this configuratidg,
workers®~? is attributed to the local variation of exchange is aligned perpendicular to the EB axis and causes the mag-
field at the F/AF interface due to relaxation via a two- netization to precess. From ti&parameters we obtain the
magnon scattering process. permeabilityu(w)=u' (0) +ju"(0) =1+ AZ/(j uoltpyw),
However, no quantitative analysis of intrinsic and extrin-where AZ=Zg (sample on substrateZg (only substrate
sic contribution to Gilbert damping has been done so far otwith Zg=Z,[(1+S;,)/(1—S;1)]. Z; is the free space im-
the EB system. This article deals with an evaluation of thepedance and =In(d,/d,). To determineH cx we applied dif-
Gilbert damping parameters from linewidth data from net-ferent magnetic fieldéH) along and opposite to the EB axis
work analyzer ferromagnetic resonanb8\-FMR) spectros-  for each frequency sweep.
copy. For the Brillouin light scatterindBLS) experiment, we
used a laser light at a 45° angle of incidence on the sample
dAuthor to whom correspondence should be addressed; electronic maipNd the backscattered light was C9||eCted by a computer con-
bkkumar@yahoo.com trolled (2x 3) pass tandem Fabry e interferometef. The
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FIG. 1. Real and imaginary permeability for exchange-biased Ns@nm)/ FIG. 2. Thickness dependence of exchange anisotfppst (A)] and fre-

NiFe(15 nm) [part (A)], NiO(150 nm/NiFe(10 nm) [part (B)] films. The quency linewidth[part (B)] in NiO(150 nm)/NiFef). The lines are fit to

solid lines are fit to LLG equation. t~1 andt™2 functions to determindg and J, from Hgy and Af,. data,
respectively. The inset to parB) is a plot of normalized linewidth
(Affdred With tp, also showing a fit td 2 function.

surface modesf(,) (for Stokes and anti Stokesvere ob-

served with a magnetic field applied parallel and antiparallel

to the EB axis. , - ., nm to &= 0.043 for 2.5 nMis the intrinsic Gilbert damping
Figure 1 shows the real() and the imaginary 4") (4, ). The broadening ofAf,. and hence highety, for

parts of the complex permeabilitiys) versus frequency at thinner NiFe film(2.5 nm may be due to thickness fluctua-
H=0 for the EB films with NiFe thicknesses of 15 fmart s in NiFe?

(A)] and 10 nmpart (B)]. Figure 1A) showsy’ crosses The exchange anisotropygy) was obtained from NA-
zero with a sign change at 1.7 GHz wheré shows a maxi-  EMR resonance frequencyf,§) and from the BLS mode
mum. This frequency corresponds to the resonance frerequency §,) data and fit with the torque equatidf Fig-
quency. Figure B) shows a maximum of” at 2.3 GHz.  re5 ZA) and 2B) showHgy and A f . (H=0.3 kOe) ver-
The solid 'Ilne.s for' theu” curve were derlveq from .the Sustpy, respectively. BottHgy and Af ., decrease with in-
Landau-Lifshitz—Gilber{LLG) equation of motion, taking creasingp,. The decrease dfigy is best fit tot ! andA f e
into account the demagnetizing, the anisotropy parametergy -2 fynctions and is shown as solid lines in the figures.

etc. We obtain The linear dependence bifzy to t ! indicates the interfacial

yAmMswa| Y2 (4mMstHe) *(1+ @) + 0?] origin of the observed exchange bias field and yields a cou-
= (1) pling energy*® at the NiO/NiFe interfaceJe=HgxMstp,)

of 0.021 erg/crh
The parameters used in E@l) are the gyromagnetic Af s decreases substantially below 20 nm NiFe in the

ratio[ y=1.76x 10" Hz/O¢€], the saturation magnetization of EB films [see inset in Fig. B)]. SinceAf,. changes with
NiFe (47Ms=10kOe), w;=27f=[Y{(47Mst+Hex  fsfor differentty, at a fixed magnetic field, we normalized
+Hy) (Hex+Hy) ), Aw=27Af=[ay(4mMs it (by multiplying by f,.9 and fit the result to & 2 function.
+2Hgyx+2Hy)], andHeg=Hgx+Hy . The four parameters Following the Arias—Mill§ theory, we relateAf, to the
derived from the fit ard s, Afes, Her=Hex+Hy and the  local interfacial exchange energy, | of an EB system by
Gilbert damping parameter. The shift in the resonance fre- B 9 _9
quency for different thicknesses of Permallty,, is due to Afres=K(J1 /Kst)™=Afregt =, 2
different values ofH gy . According to Arias—Mills’ the two-  where the parametét deals with surface defectparameters
magnon contribution to the linewidth is zero s-0 (hence  used are close to those in Ref. §he thicker samples ex-
H=0). This is because a4—0, the phase space available hibit a thickness independent linewidtt 0.8 GH2 which is
to the final state spin waves becomes increasingly smalleattributed to the intrinsic linewidth. The rise ixf s for thin-
Therefore,a obtained at zero frequencyyE0.018 for 50  ner samples can be claimed to be due to an extrinsic mecha-

n

B 01+ a®) — o’ P+ [awy(AnM gt 2H) 12

Downloaded 09 Feb 2006 to 128.198.158.27. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 93, No. 10, Parts 2 & 3, 15 May 2003 Kuanr, Camley, and Celinski 7725

obtained from the fitting of high frequency sidd . data to

Eq. (3), where two-magnon scattering provides the dominant
contribution. The fitting of the first term of E¢3) to the low
frequency side data foAf.s gives the intrinsic Gilbert
damping @i,) with negligible contribution from two-
magnon scattering. The fitting aff}, s to Eq. (3) also
yields almost the same values. The valueagf; increased
from 0.008 for 50 nm NiFe film to 0.03 for 2.5 nm thick
NiFe film. The thinner NiFe EB films have a much higher
aey than the thicker films. This is another indication of
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The magnon mode linewidthA(f,,) decreases with the in-
crease of mode frequency. The main possibilities to explain
this behavior are as followgi) the thickness of the ferro-
magnet and antiferromagnet fluctuate spatially. Since the EB
field varies ad/tp, this leads to an increase in linewidth.
This results in a Gaussian line shape for the magnon modes
in the BLS spectrum(ii) The increased damping of spin-
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20— Fasi ——— waves at theé=/AF interface is due to the dragging of some
10 11 12 13 14 15 16 17 AF spins by the excited F spins. This results in a Lorentzian
DE mode frequency (£ ) [GHz] line shape. The inset to Fig.(B) shows a magnon mode

FIG. 3. (A) NA-FMR resonance linewidth ang@) BLS mode linewidth as Iineshape.and the fitting to Lorentzian and unssian curves.
a function of FMR frequencyft.) and BLS mode frequencyf(), respec- Our BLS line shapes are closer to the Lorent2|§1n form at the
tively. The solid lines to part$A) and (B) are fits to Eqs(3) and (4), ~ P€ak. The falling edges and the wings are mixture of both
respectively. Lorentzian and Gaussian line shapes. Hence, the broadening
is a mixture of both mechanisms. The symmetric lineshape
of the magnon mode confirms that the broadening due to the

nism, dominated by two-magnon scattering. The BLS line-S&@mpling of magnon modes for a finitg range, i.e.,

width also follows at~2 fit. Therefore, NA-EMR k=0  (¢fm/d0), is negligible(~0.02 GHa.
magnonsand BLS k+0 magnonslinewidth data are con- The decrease oAfy with the increase off, can be
sistently explainet® by the two-magnon scattering pro- explamed. quantitatively Py considering the Arlas.—Mllls
cesses. The fit yields = 3.3 erg/crd and is 2 orders of mag- theory using Rezendet al’s approact Magnon linewidth
nitude larger thadg, the macroscopic exchange energy. for k>0 mode can be expressed as

Figure 3 shows the frequency variation of the NA-FMR Afn=1(v?p(Ag)
linewidth [Af,.: part (A)] and the BLS mode linewidth 2
[Af.,: part (B)]. Af,sis observed to increase with the in- X(co$ 6)4mMs0)/(27DTm) [[(3)/ (Mste,)].
crease of ., whereas\f, decreases with increasirig,. A (4)
marked slope change dff s versusf s above 2.75 GHz The parameters, A4, 6, and{ are related to the geometry of
was also observed. The increaself. is attributed to in-  a rectangular defecb is the exchange stiffness of NiFe. By
trinsic and extrinsic contributions. The intrinsic contribution fitting the data ofAf,, versusf ,, to Eq.(4) [the solid line in
(Afj) comes from damping, whereas, the extrinsic line-Fig. 3B)], we obtain the local interfacial exchange energy
width (Afe,) is associated with the magnetic inhomogene-J,=2.89 erg/cr. This is close to the NA-FMR valué3.3
ities within the material(surface and interface roughngss erg/cn?).
and the anisotropic dispersion. The linewidth is modeled o
theoretically by considering the recent Arias—Mills thedry. Y;’ég%)Me'k'eJOh” and C. P. Bean, Phys. R&@2, 1413(1956; 105 904
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