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ABSTRACT

In this paper, we present a study on the ferromagnetic relaxation in thin
films. For this, a series of NiFe alloyed thin films were sputtered onto Si
(001) wafers by dc magnetron sputtering, and then characterized by in-
plane ferromagnetic resonance (FMR). The FMR linewidth (4H) is stud-
ied as afunction of thein-plane angle, ¢, film thickness, t, and tempera-
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ture, T. We show that the mechanisms responsible for the magnetization
relaxation in NiFe thin films, involve angular dispersions of the uniaxial
anisotropy, Ag, and Gilbert damping, G. Both, 49, and G, follow the 1/t law
expected for interface phenomena. As function of temperature, the ferro-
magnetic linewidth decreases as T increases, in accordance with the theory
of thermal activated el ectron-lattice scattering processes.
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INTRODUCTION

Ferromagneticthinfilmsand metdlicmultilayershave
been the subject of intensivework duringthelast de-
cades™®. Thefundamenta magnetic, el ectronic and
optical propertiesof these structuresarequitedifferent
fromtheir bulk counterparts, and over thelast years, it
has been shown that these propertiesare greatly influ-
enced by the presence of theinterfaces. On the other
hand, the magnetic parametersof thinfilmsarehighly
affected by growth conditions and sampl e treatment,
purity of thealloys, substratetemperature, film thick-
ness, roughness, etc. In general, the influence of the
magnetic anisotropieson the physica propertiesof thin
filmshasbecomeone of themost important subjectsin

condensed matter physics, both from theoretical and
experimentd point of view. Experimentadly, ferromag-
netic resonance (FMR) hasprovento beoneof theidedl
techniquesto study magnetic anisotropiesand magneti-
zaiondynamicsinsolidthinfilmg“. Thisisbecausethe
resonancefieldand linewidthvauesarevery sengtiveto
locdl fid ds, surface ani sotropies, magneticinteractions
between different e ementsat theinterfaces, magnetic
and structura inhomogeneitiesinthesample, andintrin-
scpropertiesof thematerid. Theoreticaly, phenomeno-
logica approachesand other microscopic model sbased
on quantum-mechanica ca culationshaveprovento be
successful to confirm most experimental resultsonthin
filmsand magnetic multilayered systemd®8. Neverthe-
less, thelaws governing therel axation mechanismsand
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thedifferent typesof magneticinteractionsinmetalic
thinfilmsdtill achdlengefor theoretica and experimen-
tal physicists.

NiFethinfilmsand multilayers have been exten-
sively studied for along timeby severa experimenta
techniques, dueto their good physical propertiesfor
gpplicationsin magneticrecording and microg ectronic
devices. Depending on the rel ative concentration of
nickel and iron and on the film thickness, the mag-
netic propertiesof these materials can be controlled
and improved. ThismakesNiFealloysof importance
inthedesign of thin film structuresfor hybrid mag-
netic device applications such asmagnetic field sen-
sors and magnetic random access memories
(MRAM)®I, For exampl e, as the magnetic-data-
storageindustry approachesthe Ghit/stransfer rate,
the understanding of the magnetization dynamics of
the soft magnetic elements used in recording heads
becomes essential. In this sense, NiFe-based struc-
turesariseasthe prototypefor both experimental and
theoretical research on this subject. Recently, some
authors have devoted their attention in studying the
ferromagnetic relaxation on NiFethin filmsand the
effect of temperature on the anisotropy fields and
damping constants3, Theseworksgiveimportant
information on the damping mechanismsand explain
theFMR relaxation inthin filmsfrom both microscopic
and macroscopic point of view.

In this paper, wereport onthe FM relaxationin
NiFealloy films, grown onto Si (001) substrates by
dc magnetron sputtering. The FMR linewidthismea-
sured asfunction of thein-plane angleand film thick-
ness, and i s described by aphenomenol ogical model
that considersthe line broadening asacombined ef-
fect of theintrinsic damping with the angular disper-
son of thein-planeuniaxia axis. Thetemperature be-
havior of theFMR field and linewidthisa so presented
and discussed.

Our paper isorganized asfollows. In Sec. 2we
provideabrief outline of the sample preparation and
describethedetail s of the FMR experiments. Sec. 3
isdevoted to the phenomenol ogical modd usedtoin-
terpret the FMR data, followed by their analysisin
Sec. 4. Finally, themain results of thiswork are sum-
marizedin Sec. 5.
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EXPERIMENTAL

NiFefilmsweregrown by dc magnetron sputtering
onto commercid eectronicgrade Si(001) wafers, with
filmthicknesswithintherange of 63 A to 147 A. Mag-
netronsassureacontinuous magnetic field of theorder
of 10 Oeduring al the growth process. Before deposi-
tion, the substrateswere cleaned in ultrasound baths of
acetoneand ethanol for 10 min, and thendriedin nitro-
gen gas flow. The base pressure of the system prior
depositionwas2.0x 107 Torr. Thefilmswere depos-
itedina3.4 x 10 Torr argon atmospherein the sput-
ter-up configuration, with the substrate at adistance of
9cmfromthetarget.

The FMR measurementswere performedinaX-
band VARIAN spectrometer, employingahomemade
cylindrical cavity with Q factor of the order of 2500. A
homogenousdc magneticfiddisappliedintheplaneof
the samplesin between the pol esof an el ectromagnet
andismodulated with aweak snusoidd field provided
by parallel Helmholtz coils operating at 100 Hz. The
electromagnet ismounted onto a0-360 degreesrotat-
ing base that allowed usto obtain the FMR spectra
with respect to thedirection of the applied field.

All spectraweretaken at 9.35 GHz with the mag-
neticfield gppliedinthe planeof thesample, andinthe
temperaturerange 70 K< T<300 K. Thetemperature
was calibrated using acarbon-glassthermometer. All
spectra correspond to Lorentzian line-shapes. The
FMR linewidth was obtai ned by taking the peak-to-
peak width of theexperimentd spectraresonancelines.

PHENOMENOL OGICAL MODEL

Todescribetherel axation of themagnetizationina
thinfilmlet usfirst consider the coordinate systemin
Figure 1. Inthisframe of referencethetotal magnetic
freeenergy appropriatefor anon-oriented uniaxid film
isgivenby,

E=-HMsin@cos(e—o, )+K,sin*0sin’*(p—9,)+

27M 2, cos’ @ @)
where Oand p arethepolar and azimutha anglesof the
magneti zation vector, respectively; M isthebulk satu-
ration magnetization; H isthegpplied magneticfidd; K
istheuniaxial anisotropy constant; ¢, and ¢ arethe
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azimutha angle of theapplied field and theangleof the
anisotropy axiswith respect to thex direction, respec-
tively; M, is an effective magnetization defined as
47M =47rM-2K /M, where K is the out-of-plane
uniaxia anisotropy constant.

+ Z

v

NiFe

X Si(001) ‘

Figurel: Coordinatesystem used todescribetheorienta-
tion of M and H in theplaneof thefilm.

For the FMR linewidth we used an expression that
takesinto account the contributionsfrom theangul ar
dispersonsof theanisotropy axisandtheintrinsic con-
duction mechanism*3,

AHo 2 G [62E+ 1 62E]

=TTz a2 2 - 2 2

J3 M2|ow/oH|| 80° ~ sin?@ 8o 0.8 o
+ OHg Ag, +AH(0)

where G isthe so-called Gilbert parameter, H =2K /
M, 6,and ¢, arethe equilibrium positionsof the mag-
netization, o (H) istheresonancefrequency given by
the resonance condition

(/) =(1/MZsinzelEeeEW—(Ee(P)z]eO’(Po ,

(=2.94 GHz/kOg) isthegyromagneticratio for an el ec-
tronwith g=2.08. |l H| isthederivative of thereso-
nancefrequency with respect to theapplied fidd calcu-
lated at the equilibrium position, H_, istheresonance
fieldfor anuniaxial thinfilm magnetized in-plane ex-

pressed as H,, =|(@/y) (4nM 4 ) "~ H, cos2(e, -9, )|
[1/ cos(@, —@,,)] 4. In our experimental condition the
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out-of-planeequilibriumangleis 6 = #/2. Thefirst term
represents the homogeneous broadening due to mag-
netic damping arising from spin-orbit and e ectron-l at-
tice scattering. The second termisintroduced to take
into account the contribution fromlocal inhomogene-
itiesand microstructure defects, which arethemain
source of the anisotropy dispersion, A, . Here, AH(0)
is the frequency independent contribution to the
linewidth related to extrins c mechanisms such astwo
magnon scattering!*4. Cal culating the corresponding
derivativesin (2) withthe condition4zM_>>H , the
following approximate expression for AH isobtained

2 G )
an= 3 7°M [cos(9, — 9y, )
L SN2(Q0=u) 5o 4 AH(0) @

cos(@, —Px)
Equation (3) together with the conditions A&/ 5= &/
Jp=0issolved numericaly to obtainthelinewidth as
function of thein-planeangle, giventhein-planeequi-
librium position of themagnetization for every vaue of
theappliedfidd. Thetheoretica valuesof AH arethen
compared to the peak-to-peak FMR linewidth.

+2H

RESULTSAND DISCUSSION

Ferromagneti c resonance experimentswere per-
formed in the range of temperature from 70 K to 300
K. Toobtainthelinewidth, AH_, theFMR spectrawere
first adjusted to Lorentzian lineshapes, and then the
peak-to-pesk linewidth wastaken. Asthetemperature
islowered from roomtemperature, thesignal decreases
inintensity and broadensindl films.

The dependence of AH_, asafunction of thein-
planeangleisshownin Figure 2 for arepresentative
sample. Itisseenthat AH exhibit the samesymmetry as
theresonancefield (seeright pandl), withanincreasein
theamplitude and a pronounced shift when the tem-
peratureislowered from 300 K to 70 K. The continu-
ouscurvesare numerical fitsof theexperimenta data
toequation (2). Thevauesof theuniaxid field usedin
thesefitswere obtained directly form the resonance
field curves. For the saturation magnetization, 47M, we
have used thevalue ~12.0 kG reported for NiFethin
filmsgrown by magnetron sputtering®. Thevalues of
the Gilbert damping parameter, G, and theangular dis-
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persions, Ay, areestimated and plottedinFigure 3. It
isseenthat theangular dispersionsare T-independent,
decreasingwith thicknessfollowing approximately the
1/t law. The G-values obtained for these samplesare
of thesameorder of thosereported in sputtered Py thin
filmg*¥, aso varying as 1/t within therangefrom 0.02
GHz100.06 GHz, at T= 70 K. However, at T= 300K,
G decreaseswith thicknessto aconstant valuecloseto
~0.0020 GHz, indl samples. Theseresultsareindica
tivethat at low temperatures, themagnetization rel axes
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Figure2: Angular dependence of AH at two different tem-
peratures, for atipical sample. For comparison, thein-plane
symmetry of theresonancefield, H,, isshownin theright
pand.
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Figure3: Thicknessdependence of theangular dispersions
and Gilbert damping parameter, at room temper atureand
liquid nitrogen temper atur e. The solid cur vescorrespond to
the Lt law.

through amixtureof intrins ¢ conduction mechanisms
and extrinsic relaxation, whilethe microstructure de-
fectsand other magneticinhomogenatiesdominatethe
magnetic relaxation a higher temperatures.
Thetemperature dependenceof the FMR linewidth
measured at ¢, = 7/2,isshownin Figure4. Astem-
peratureis lowered from room temperature AH__ is
essentially constant, until certain critical temperature
below whichthesgnd broadenssubstantialy. A smilar
behavior hasbeen observed in Fethin filmg' and was
attributed to an increase of themagnetic anisotropiesat
low temperatures. Thismight betrueinthegenerd case,
wheretheincreasein linewidth observed at lower tem-
peratures can be understood as the mixture of homo-
geneous broadening dueto theintrinsic damping, and
inhomogeneous broadening caused by thetemperature-
dependent anisotropies. However, accordingto Eq. (3),
closeto ¢, = /2, thelinewidthishomogeneousandis
givenby
_ 2 o G()
R @
To provide a compl ete picture of the homogeneous
dampinginNiFethinfilms, thetemperaturebehavior of
the damping parameter must be known. A plausible
explanation for thisbehavior isathermally activated
mechanism, such aselectron-lattice scattering. Theo-
retically, thiskind of processis characterized by the
correlation G~7J(1+a?7 2)™, with 7= 7 exp(/K, T)

AH

hom
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being the correlation timefor thethermally activated
process, 7, isthe characteristic relaxationtime, eisan
energy barrier, and w=9.35 GHz istheresonancefre-
guency. Within these considerations, thetemperature
dependence of the homogeneous part of the FMR
linewidth can then be described by the phenomeno-
logica expresson

2 (o Ae/eT
AH, .. 2—| =2 |t 1+ AH
hom 3 (sz)ll_l_(mo)zeza/KBT] o (5)

where Aisaphenomenological constant, and AH the
high-temperaturelinewidth. Thisequationisused asa
fitting function to the experimental data. Reasonable
agreement isobtained with for energy barrier, g, from
0.29 eV 10 0.38 eV as the film thickness decreases,
andacharacteridticrelaxaiontime, 7, of theorder ~100
ps. Thisisinteresting sincethisvalueisof the same
order of thereversed time needed for magneto-optical
applications. Thevaluesobtained for careintheen-
ergy range where spin-wave propagation process oc-
cursin FM thinfilmsand related compounds®® 2% so
the energy barrier could be associated to the energy
gap of surfacelow-lying spin-waves.

70 T T T T ¥ T ' I

1
180
'K
Figure4: Temperaturedependenceof AH measured with the
magnetic field applied in thevicinity of @, = #/2. The solid
curvesaretheoretical fitswith themodel described in the
text.
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SUMMARY

FM R technique was employed to study the relax-
ation of themagnetizationin NiFealloyed thinfilms.
Theexperimental FMR linewidth displaysuniaxid in-
plane symmetry consistent with aphenomenol ogical
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framework inwhich, themagnetization relaxationisgov-
erned by processesthat invol ve anisotropy dispersons
induced by local inhomogeneities, and Gilbert damp-
ing. Thevaluesof G and 4¢, followed the 1/t, typical
of interfaceeffects.

The temperature dependence of the FMR
linewidth was also explored. We observed that as T
increases up to room temperature, the homogeneous
broadening, AH,  , decreasesuntil asaturation value.
Thisbehavior isconsistent with arelaxation mecha-
nism dueto el ectron-latti ce scattering driven by ther-
mal fluctuations. Although our andysisis phenomeno-
logicdl, thispictureoverlooksthe connection between
el ectron-lattice scattering and spin-wave activation
astheorigin of the magneti zation rel axation in ferro-
magnetic thinfilms. From apractical point of view,
our resultsshould give an insight for understanding
thedynamical response of the magneti zation, required
for the design of magnetic and hybrid devicesat the
nanoscaelimit.
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