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Exchange bias of NiO ÕNiFe: Linewidth broadening and anomalous
spin-wave damping

Bijoy K. Kuanr,a) R. E. Camley, and Z. Celinski
Physics Department, University of Colorado at Colorado Springs, Colorado Springs, Colorado 80918

~Presented on 14 November 2002!

We studied sputtered NiO~150 nm!/NiFe exchange-biased films using Network Analyzer
ferromagnetic resonance spectroscopy~NA-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 anisotropy (HEX) was determined from the
field variation data of NA-FMR resonance frequency (f res) and BLS mode frequency (f m). HEX was
observed to decreases as 1/thickness, from where we derive macroscopic interfacial exchange
energyJE50.021 erg/cm2. Second, we investigated the relaxation mechanism in NiO/NiFe films
from NA-FMR linewidth (D f res) for wave vectork50 mode and from BLS mode linewidth (D f m)
for kÞ0 modes. Interestingly, we observedD f res to increase with increasing magnetic field butD f m

was observed to decrease with increasing magnetic field. Therefore, it is confirmed that, the
relaxation rate measured by FMR and BLS techniques is different.D f res was observed to increase
with decreasing NiFe thickness and follows at22 fit function, from which we determine the local
interfacial exchange energyJ153.3 erg/cm2. © 2003 American Institute of Physics.
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The phenomena of exchange bias~EB!, discovered 4
decades ago by Meiklejohn and Bean,1 is primarily due to
the interaction between ferromagnetic~F! and antiferromag-
netic ~AF! films at their interface. The effect produces a sh
of the hysteresis loop in addition to an enhanced coerciv
The model by Mauriet al.2 assumes the formation of a do
main wall in the antiferromagnet parallel to the interfac
Malozemoff3 interpreted exchange bias in terms of rando
exchange fields due to interface roughness. The re
reviews4,5 outlined many theoretical and experimental a
proaches to this problem. There are many uncertainties
cluding the origin of exchange bias,3–5 relaxation phenom-
enon, and line broadening,6,7 etc. which require more
research to gain better understanding.

Ferromagnetic resonance~FMR! is a very sensitive tech
nique which can be used to study exchange-biased struct
In addition to using the FMR frequency (f res) to determine
HEX , the frequency linewidth (D f res) is a direct measure o
the relaxation rate of the uniform precession and the st
tural quality of the EB films. The relaxation rate (tm

51/2pD f res) is a direct measure of the coupling energy
the interface. The line broadening studied recently by vari
workers,6–9 is attributed to the local variation of exchang
field at the F/AF interface due to relaxation via a two
magnon scattering process.

However, no quantitative analysis of intrinsic and extr
sic contribution to Gilbert damping has been done so far
the EB system. This article deals with an evaluation of
Gilbert damping parameters from linewidth data from n
work analyzer ferromagnetic resonance~NA-FMR! spectros-
copy.
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We deposited polycrystalline NiO/NiFe exchange b
films on Si substrates using a dc magnetron sputtering
tem with a base pressure of 1028 Torr. The films were de-
posited with a small external magnetic field in the sam
plane to induce a uniaxial anisotropy (HU) in the NiFe layer
and to define the direction of the EB axis. Permalloy a
NiO were deposited at a rate of 1 Å/s. First the NiO film w
grown and the thickness was kept constant at 150 nm fo
the films. The NiFe film was grown on NiO with thicknes
(tPy) of 2.5, 10, 15, 25, 30, 35, 40, 45, and 50 nm. At the e
5 nm of Cu was grown to cover the NiFe layer.

In the NA-FMR technique, we used a vector netwo
analyzer~HP-8720B! to measure the complexS parameters
of the EB films. The film was placed across a coaxial rec
tacle to produce an electric short circuit between the ce
(d150.135 cm) and outer (d250.4 cm) conductors of the 50
V transmission line. The rf excitation cell was designed fo
cutoff frequencyf C52c/$p(d21d1)A« r%528 GHz~c is ve-
locity of light, « r is Teflon dielectric constant! and character-
istic impedanceZ5$60/A« r% ln(d2 /d1)550V. The complex
S parameters (S11) were measured over a continuous fr
quency range of 1 MHz–10 GHz. In this configuration,hRF

is aligned perpendicular to the EB axis and causes the m
netization to precess. From theS-parameters we obtain th
permeabilitym(v)5m8(v)1 j m9(v)511DZ/( j m0LtPyv),
where DZ5ZS ~sample on substrate!–ZS ~only substrate!
with ZS5Z0@(11S11)/(12S11)#. Z0 is the free space im-
pedance andL5 ln(d2 /d1). To determineHEX we applied dif-
ferent magnetic fields~H! along and opposite to the EB ax
for each frequency sweep.

For the Brillouin light scattering~BLS! experiment, we
used a laser light at a 45° angle of incidence on the sam
and the backscattered light was collected by a computer c
trolled (233) pass tandem Fabry–Pe´rot interferometer.6 The
il:
3 © 2003 American Institute of Physics
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surface modes (f m) ~for Stokes and anti Stokes! were ob-
served with a magnetic field applied parallel and antipara
to the EB axis.

Figure 1 shows the real (m8) and the imaginary (m9)
parts of the complex permeability~m! versus frequency a
H50 for the EB films with NiFe thicknesses of 15 nm@part
~A!# and 10 nm@part ~B!#. Figure 1~A! showsm8 crosses
zero with a sign change at 1.7 GHz wherem9 shows a maxi-
mum. This frequency corresponds to the resonance
quency. Figure 1~B! shows a maximum ofm9 at 2.3 GHz.
The solid lines for them9 curve were derived from the
Landau–Lifshitz–Gilbert~LLG! equation of motion, taking
into account the demagnetizing, the anisotropy parame
etc. We obtain

m95
g4pMSva bg2~4pMS1Heff!

2~11a2!1v2c
@v r

2~11a2!2v2#21@avg~4pMS12Heff!#
2 . ~1!

The parameters used in Eq.~1! are the gyromagnetic
ratio @g51.763107 Hz/Oe#, the saturation magnetization o
NiFe (4pMS510 kOe), v r52p f res5@g$(4pMS1HEX

1HU)(HEX1HU)%1/2#, Dv52pD f res5@ag(4pMS

12HEX12HU)#, andHeff5HEX1HU . The four parameters
derived from the fit aref res, D f res, Heff5HEX1HU and the
Gilbert damping parametera. The shift in the resonance fre
quency for different thicknesses of Permalloy,tPy, is due to
different values ofHEX . According to Arias–Mills,9 the two-
magnon contribution to the linewidth is zero asf→0 ~hence
H50). This is because asH→0, the phase space availab
to the final state spin waves becomes increasingly sma
Therefore,a obtained at zero frequency (a50.018 for 50

FIG. 1. Real and imaginary permeability for exchange-biased NiO~150 nm!/
NiFe~15 nm! @part ~A!#, NiO~150 nm!/NiFe~10 nm! @part ~B!# films. The
solid lines are fit to LLG equation.
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nm to a50.043 for 2.5 nm! is the intrinsic Gilbert damping
(a int). The broadening ofD f res and hence highera int for
thinner NiFe film~2.5 nm! may be due to thickness fluctua
tions in NiFe.9

The exchange anisotropy (HEX) was obtained from NA-
FMR resonance frequency (f res) and from the BLS mode
frequency (f m) data and fit with the torque equation.7,8 Fig-
ures 2~A! and 2~B! showHEX andD f res (H50.3 kOe) ver-
sustPy, respectively. BothHEX andD f res decrease with in-
creasingtPy. The decrease ofHEX is best fit tot21 andD f res

to t22 functions and is shown as solid lines in the figure
The linear dependence ofHEX to t21 indicates the interfacia
origin of the observed exchange bias field and yields a c
pling energy3,4,8 at the NiO/NiFe interface (JE5HEXMStPy)
of 0.021 erg/cm2.

D f res decreases substantially below 20 nm NiFe in t
EB films @see inset in Fig. 2~B!#. SinceD f res changes with
f res for different tPy at a fixed magnetic field, we normalize
it ~by multiplying by f res) and fit the result to at22 function.
Following the Arias–Mills9 theory, we relateD f res to the
local interfacial exchange energy (JI) of an EB system by

D f res5K~JI /KSt !2⇒D f res}t22, ~2!

where the parameterK deals with surface defects~parameters
used are close to those in Ref. 8!. The thicker samples ex
hibit a thickness independent linewidth~;0.8 GHz! which is
attributed to the intrinsic linewidth. The rise inD f res for thin-
ner samples can be claimed to be due to an extrinsic me

FIG. 2. Thickness dependence of exchange anisotropy@part ~A!# and fre-
quency linewidth@part ~B!# in NiO(150 nm)/NiFe(t). The lines are fit to
t21 and t22 functions to determineJE and JI from HEX and D f res data,
respectively. The inset to part~B! is a plot of normalized linewidth
(D f res* f res) with tPy also showing a fit tot22 function.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp



e

-
-

R

-

n
e
e
s
le
y.

g

ant

k
er
of
ng

ly

-
lain
-
EB
.
des
-
e
ian
e
ves.
the
oth
ning
pe
the

ls

f
y

gy

ev.

ys.

7725J. Appl. Phys., Vol. 93, No. 10, Parts 2 & 3, 15 May 2003 Kuanr, Camley, and Celinski
nism, dominated by two-magnon scattering. The BLS lin
width also follows a t22 fit. Therefore, NA-FMR (k50
magnons! and BLS (kÞ0 magnons! linewidth data are con-
sistently explained7–9 by the two-magnon scattering pro
cesses. The fit yieldsJI53.3 erg/cm2 and is 2 orders of mag
nitude larger thanJE , the macroscopic exchange energy.

Figure 3 shows the frequency variation of the NA-FM
linewidth @D f res: part ~A!# and the BLS mode linewidth
@D f m : part ~B!#. D f res is observed to increase with the in
crease off res, whereasD f m decreases with increasingf m . A
marked slope change ofD f res versus f res above 2.75 GHz
was also observed. The increase ofD f res is attributed to in-
trinsic and extrinsic contributions. The intrinsic contributio
(D f int) comes from damping, whereas, the extrinsic lin
width (D f ext) is associated with the magnetic inhomogen
ities within the material~surface and interface roughnes!
and the anisotropic dispersion. The linewidth is mode
theoretically by considering the recent Arias–Mills theor9

We relateG @Eq. ~55! of Ref. 9# to D f res, for the NA-FMR
data analysis and obtain

D f res5~ga/2p!~2H14pMS12Heff!1~G/4p f res!. ~3!

TheD f int is the first term of Eq.~3! and increases asf res

increases. The D f ext5Gext(H)sin21 @H/(H14pMS

1Heff)#
1/2 ~second term! is more complicated with increasin

frequency~note thef res term in denominator!. Therefore, we
plotted normalizedf res ~i.e., D f res* f res) with f res @Fig. 3~A!
inset#. The effective Gilbert damping (aeff5aint1aext) was

FIG. 3. ~A! NA-FMR resonance linewidth and~B! BLS mode linewidth as
a function of FMR frequency (f res) and BLS mode frequency (f m), respec-
tively. The solid lines to parts~A! and ~B! are fits to Eqs.~3! and ~4!,
respectively.
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obtained from the fitting of high frequency sideD f res data to
Eq. ~3!, where two-magnon scattering provides the domin
contribution. The fitting of the first term of Eq.~3! to the low
frequency side data forD f res gives the intrinsic Gilbert
damping (a int) with negligible contribution from two-
magnon scattering. The fitting ofD f res* f res to Eq. ~3! also
yields almost the same values. The value ofaext increased
from 0.008 for 50 nm NiFe film to 0.03 for 2.5 nm thic
NiFe film. The thinner NiFe EB films have a much high
aext than the thicker films. This is another indication
strong two-magnon contribution to the extrinsic dampi
mechanism.

Interestingly, the BLS linewidth data shows complete
opposite behavior to the resonance frequency@see Fig. 3~B!#.
The magnon mode linewidth (D f m) decreases with the in
crease of mode frequency. The main possibilities to exp
this behavior are as follows:~i! the thickness of the ferro
magnet and antiferromagnet fluctuate spatially. Since the
field varies asl /tPy this leads to an increase in linewidth
This results in a Gaussian line shape for the magnon mo
in the BLS spectrum.~ii ! The increased damping of spin
waves at theF/AF interface is due to the dragging of som
AF spins by the excited F spins. This results in a Lorentz
line shape. The inset to Fig. 3~B! shows a magnon mod
lineshape and the fitting to Lorentzian and Gaussian cur
Our BLS line shapes are closer to the Lorentzian form at
peak. The falling edges and the wings are mixture of b
Lorentzian and Gaussian line shapes. Hence, the broade
is a mixture of both mechanisms. The symmetric linesha
of the magnon mode confirms that the broadening due to
sampling of magnon modes for a finiteq range, i.e.,
(] f m /]q), is negligible~;0.02 GHz!.

The decrease ofD f m with the increase off m can be
explained quantitatively by considering the Arias–Mil
theory9 using Rezendeet al.’s approach.8 Magnon linewidth
for k.0 mode can be expressed as

D f m5 b~g2p^Ad&

3^cos2 u&4pMSz!/~2pD f m!c@~JI !/~MStPy!#
2.

~4!

The parametersp, Ad , u, andz are related to the geometry o
a rectangular defect.D is the exchange stiffness of NiFe. B
fitting the data ofD f m versusf m to Eq. ~4! @the solid line in
Fig. 3~B!#, we obtain the local interfacial exchange ener
JI52.89 erg/cm2. This is close to the NA-FMR value~3.3
erg/cm2!.
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