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Correlations between ferromagnetic-resonance linewidths and sample quality
in the study of metallic ultrathin films
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Ferromagnetic resonance is commonly used in the study of thin ferromagnetic films. In past investigations,
most attention has been concentrated on the resonanceHfieldvith relatively little consideration for the
information contained in the peak-to-peak linewidii ;. In this paper we focus specifically akH,,,
looking at a variety of Fe, Co, Ni, and Gd filnfthickness<20 monolayersepitaxially grown on different
single-crystal substrates of various orientations, as well as afvg€100) multilayer. We identify common
features in the linewidths which correlate with other film properties, such as intrinsic spin-damping mecha-
nisms, and the structural and magnetic quality. The dependenddigf on film thickness and annealing
conditions, as well as temperature, frequency, and magnetic-field orientation is examined. Particularly inter-
esting is an angular dependenceddd,,, seen most clearly in zéV, which is related to the crystallographic
axes and appears to be correlated with the intrinsic damping of the §pliE63-182¢08)02733-1

[. INTRODUCTION For a more quantitative analysis in terms of intringio-
mogeneousand inhomogeneous contributions to the FMR

Ferromagnetic resonand&MR) is one of the standard linewidth, the angular and frequency dependence of selected
techniques often used in the study of magnetic thin films andamples was measured and analyzed using the phenomeno-
multilayers(see, for example, Refs. 1%6The vast majority logical theories discussed in the literature. For example, in
of such FMR studies have concentrated on the magnitude dhe case of tetragonal {i01) on Cu001) we find an en-
the resonance fieldl, and its dependence on such variableshanced intrinsic damping of the magnetization in comparison
as the field orientation, the sample thickness, the temperde bulk Ni, which can be related to the increased importance
ture, and so forth. Relatively little attention has been paid tof the spin-orbit interactiot and changes in the orbital mo-
the peak-to-peak linewidth of the resonant siga&l ;. In ment in ultrathin films. Similar results were reported for bcc
this paper we focus specifically on FMR linewidths, gather-Fe on Ag001).2°
ing data from a variety of ultrathin films that were prepared, For completeness, we also include a discussion of the
and in most cases measuriedsitu, under ultrahigh vacuum dependence aiH, on the direction of the applied dc mag-
(UHV) conditions. The intent is to show that there are com-netic field with respect to the crystallographic directions in
mon features in the linewidths which provide important in-the layer and with respect to the film plane. The measure-
formation about the sample, such as intrinsic dampingnent of the angular-dependent linewidth becomes a very
mechanisms and the structural and magnetic quality. We wilsensitive tool to determine magnetic inhomogeneities due to
discuss in detail the various contributions which yield thelocal variations of magnetic anisotropy, film thickness, and
experimentally measured FMR linewidths. One should notenagnetization. We show for nearly structurally perfect
that Brillouin light scattering is capable of collecting similar (Fe,/V,) X 40 superlattice samples that measurements as a
information for different wave vectors of spin waveBMR  function of the orientation of the magnetic field in the film
primarily measures the lowest energy, that is the uniformplane reveal a possible anisotropy in the intrinsic damping
precession mod&=0. We present experimental results for which can be related to the symmetry of the crystallographic
epitaxially grown Fe, Co, Ni, and Gd ultrathin filnfithick-  structure. This again is related to the role of the spin-orbit
nessd<20 monolayers(ML)] grown on different single- interaction and orbital magnetic moments in ultrathin film
crystal substrates with different orientations. We find thatstructures with reduceftetragonal symmetry.
AH,, is a very sensitive measure of the sample’s structural We believe it is worthwhile to mention that the FMR
and magnetic quality. In general, the narrowest linewidth idinewidth provides similar information on the relaxation time
measured for layers with the best possible structural qualitpf the magnetization as was recently measured in a sophisti-
and purity as judged by low- and medium-energy electrorcated study of the magnetization reversal using ultrashort
diffraction (LEED, MEED) and Auger spectroscopiH,,, (10~ %2 5) magnetic-field pulse¥!! These results have been
which consists of homogeneous and inhomogeneous partsuccessfully interpretéfl using the well-known Landau-
depends on details of the sample preparation, on temperaifshitz equation with an intrinsic Gilbert type of damping,
ture, and film thickness. It is pointed out that the linewidth of which has been used in FMR for many years to determine
different layers should be compared at the same reducetthe intrinsic relaxation rate in ferromagnets.
temperaturel /T, since it is well known that the linewidth Our paper is organized as follows: We begin by summa-
increases sharply near the Curie temperalige which var-  rizing the phenomenological approaches which have been
ies strongly with film thicknessl. used in the past to describe the angular and frequency depen-
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dence of the experimental resonance linewidth. This is folslope of the curve andH;,om from the intercept.However,
lowed by a presentation and a qualitative discussion of thas we will show, both from experimental data and also from
behavior ofAH,, as a function of temperature, film thick- solutions of the Landau-Lifshitz equation, one must proceed
ness, and thermal treatment which we measured in differergautiously in carrying out this procedure. This is because for
Fe, Co, Ni, and Gd film$3~*8 Finally, we show for Ni/  general orientations of the magnetization and magnetic field:
Cu(001) and a prototype system (F&/,) x40 with nearly (@ AHpom is not always linearly proportional to the fre-
perfect structural quality how to obtain quantitative informa-quencyw,
tion on the homogeneous and inhomogeneous contribution (b) AHjyhom is Not always independent of the frequency,
from frequency- and angular-dependent FMR measurementdnd

(c) G may not be an absolute constant, but may vary as

Il. PHENOMENOLOGICAL DESCRIPTION OF EMR the applied field and magnetization are rotated with respect

to the sample geometry.

Below we review briefly some of the standard phenom- It is generally believelf that the spin-orbit interaction in
enological theories and resulting equations that are conmthe ferromagnet plays a dominant role in the damping
monly used in the literature for describing and interpretingmechanism, as well as determining the Lamgéactor. As
FMR and linewidths. In previous studies, in which the line-Shown by Elliott® this leads to the following approximate
width was considered, it has been common to express it ifelationship:

the following form: GxAg? @)
2 G where Ag is the deviation of the Landg factor from the
AH (@)= AHiphomT AHpom=AH inhom+ﬁ )/Z_M , free-electron value 2.0023.

1) Below, we show data for thin films and multilayers hav-
ing several different crystal structures and orientations. Most
where the experimental linewidthH () is taken as the of our attention will be on tetragonal crystal structures with a
peak-to-peak field variation in the sign@isually displayed [001] orientation normal to the film plane. In such samples,
as the derivative of a Lorentzian line shapAH;,,m de-  angular-dependent measurements of the resonanceHield
scribes an inhomogeneous broadening due to sample impegnd the linewidthAH,, were performed with the dc mag-
fections(assumed independent of the applied frequeayy netic field H rotated:(a) in the film plane by varying the
and AH o, is the intrinsic linewidth that would occur in a azimuthal anglep,, measured from thgl100] crystal axis,
perfect sample(assumed linearly proportional to the fre- and(b) out of the film plane as a function of the polar angle
quencyw). As indicated AH,,,, may be expressed in terms ¢,,, measured from thEd01] axis (film norma) to the[110]
of the Gilbert damping paramet& in the Landau-Lifshitz  axis(in the film plang. The orientation of the magnetization
equation and the saturation magnetizatdnof the ferro- M is expressed in terms of the anglésand §, measured
magnetic material. By measuring the FMR signal at two orrelative to the same crystalline axés2® In terms of these
more frequencies, it is then possible to ploH,(w) as a angles, the anisotropic part of the free energy dedM#E)
function of the frequency and thereby extrggtfrom the  for a tetragonal system to fourth order is

F=—HM[sing sinf,cog ¢— ¢y) +cosh cosfy]+(2mM?—K)cos 6~ 3K, cos' 90— 5K (3+cosdp)sin'e.  (3)

Each of the above anisotropy constaKis(i=2,4) can be dM G d
expressed in the following form for a thin filfsee, for ex- T yM X H+ 5| M X&M}, (6)
ample, Ref. 2% M
s whereG is the Gilbert damping factor. From E@) neglect-
v 2K ing damping, the standard condition for resonance bectmes
Ki=K;j +T, (4)

. . . . . :LF F. —F2112 (7)

where d is the film thickness in monolayer} is a “=M sineo{ 00F 60— Flopl 5

thickness-independent contribution, akid is a thickness-

dependent contribution due in part to the lowered coordinawhere the double subscipts refer to the second partial deriva-
tion at the substrate/film or film/vacuum interf&cé® The  tives of the free energy densifiq. (3)] with respect to the
equilibrium orientation of the magnetization vecidris de-  indicated angles. Fdf perpendicular or parallel to the film
fined by the angle®, and ¢,, which are obtained, respec- Plane, Eqs(3) and(7) lead to the well-known Kittel reso-
tively, from the equations: nance conditions:

_ -n- - _ 2(Ky+K
Fy,=0Fl90=0; F,=dFla$=0. (5) ©_H, —4nM+ ( 2M a1)
The Landau-Lifshitz equation with damping has the form: ©)]

(HL film plane,
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(H|[110Q] in film plane). 9)

For an arbitrary angl@y , the resonant condition is given by
Eq. (3) in the paper by Farlet al?® With the Gilbert damp-
ing term in Eq.(6), the solution for the general resonant
condition, Eq.(7), also leads to the following expressions for
the intrinsic linewidth of the resonanée:

caam— N2,
™=

Ka
M

1 1 G
\/§|(9w/r9H| M2

F
)
AHpom= Fmﬁ@

) (10

2 G
V3 y2M cosa—ay)’
wherea anday, representp and ¢, for in-plane rotation¥’

and 6 and 6y for out-of-plane rotations of the applied field.
For out-of-plane rotations, we have verified Efjl) numeri-

w

11

cally for our sample parameters by computer simulations us-

ing Egs.(3) and(5). And, finally, if a nonideal sample con-

sists of a network of regions having slightly different
orientations and physical characteristics, a common way

representingAH;nom, patterned after the form used by
Chappertet al?® for rotations inéy, is given by the expres-

sion:

oM,

aHint

9H,
904

oM,

AHinhom= Idn

AGy+ A+ AH,
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FIG. 1. Typical experimental FMR spectra of 7.2 ML Ni/
Cu(00)) at three different frequencies recorded at 297 K. The ex-

ternal magnetic field is applied in the film plane parallel to[th&0]

direction. Note the shift to lower resonance fields and the decrease
of AH,, with decreasing frequency. Inset: Frequency dependence
of AHy,.

ample, we consider the prototype system Nif@i). I(E)-

o+EED measurements have shottthat a nearly ideal tetrag-

onal Ni crystal grows in perfect registry with the ©021)
substrate at least up to 10 ML. The FMR spectra of a 7.2 ML
Ni/Cu(001) film measured at 297 Kn situ at three different
microwave frequencie@=ig. 1) confirm this structural result.
Here we measure the smallest inhomogeneous contribution
to the linewidth ever reported for a metallic Ni samgéee
Table ). In some FMR studies high microwave frequencies
(37, 70 GHz were used. It is obvious from Fig. 1 that for a

whereA 6, andA ¢, represent the spread in the orientationsAH ,; analysis, the lower microwave frequencies allow a
of the crystallographic axes among the various regions, anghore accurate determination &H;,o,. The inset of Fig. 1

AH;, is related to the inhomogeneity of the internal mag-

shows the three experimental linewidthsi,, as a function

netic fields throughout the specimen. As defined by Chappegf the frequency. We find the expected linear dependence
et al, Hiy=4mM —2(K,+K,,)/M, and inhomogeneities in  [Eq, (1)] with an almost negligible inhomogeneous contribu-
this quantity make their most significant contribution to thetjgn AH,hom- This indicates that the magnetic inhomogene-

linewidth asM approaches the sample normal.

IIl. TEMPERATURE- AND THICKNESS-DEPENDENT
FMR LINEWIDTHS

ities due to local variations of the magnetization and anisot-
ropy constantsEq. (9)] are very small. Note, this also
implies that, even if there are large relative variatigsay
20%) of K or M across the film due to inhomogeneities, the

inhomogeneous broadening may be reduced if the mean

In this section we give an overview of the thickness- andvalue ofM or K is small, in other words the inhomogeneous
temperature-dependent peak-to-peak linewidths of Fe, Cdinewidth of a 20% variation oK =100 ueV/atom is abso-
and Ni ultrathin @<20 ML) films on Cy001), and of lutely much larger than foK=1 ueV/atom. The experimen-
Gd(0001) and Ni111 on W(110. All samples were pre- tal linewidth (Fig. 1) AH,,=250 Oe(at 9 GH2 is almost
pared and measurdd situ in UHV. Details of our FMR-  exclusively due to intrinsic damping.
UHV apparatu® and of the film characterization by LEED, Here we would like to point out the very good signal-to-
MEED, and Auger spectroscopy have been reportedioise ratio observed at all three frequenciegen at 1 GHy,
previously?*3*°The temperature and thickness dependence oivhich allows the precise determination®H,,. FMR spec-
the magnetic anisotropy energfyMAE) for Ni/Cu(001), tra of such quality have been observed in our experiments
Gd(0001)/(W110), and Ni111)/W(110 was reported, for only when the roughness across the total extent of the film
example, in Refs. 23 and 30—32. Results on the behavior dfabout 18 mrf) is small on an atomic scale, that is to say,
the resonance linewidth near the Curie temperature ofvhen the film surface has only monoatomic steps. Another
Ni(111)/W(110 were presented in Ref. 14. Here we will important point concerns the layerwise structural homogene-
present results only on the FMR linewidth which were notity. If the structure changes as a function of thickness, an
published before. inhomogeneous broadening of the resonance linewidth is ob-

As mentioned in the Introduction, it is generally observedserved, as for example, in the case of Co/Mn superlatiites.
that the narrowest peak-to-peak linewidth is observed for However, care must be taken, if one wants to draw con-
samples which have the best structural quality. As an exelusions on the magnetic and structural quality of different
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TABLE I. A summary of the narrowest linewidths measured at 9 GHz and+0.6)T. For compari-
son, we also list bulk data, the Gilbert paramé®grand the calculated H,,,, according to Eq(1) using the
bulk magnetizatiorM (T/T-=0.6) of the respective elements.

AHY (Oe) G (10® s} AHpom (08
6.3 ML Ni/Cu(001) 2 185 5.5+ 0.3 200
12.5 ML Ni/W(110) ° 310
Ni bulk 130 (Ref. 38 2.5 (Ref. 41) 91
2.3 ML Co/Cu001) 215
Co bulk 110(Ref. 38 3 (Ref. 50 40
2.8 ML Fe/C{001) 210
(Fey /Va)ao (H[[110]) 36 1.5-2.2 25-36
Fe bulk 32(Ref. 38 0.58(Ref. 9 6.9
30 ML Gd/W(110) 110
Gd bulk 340(Ref. 51 2 (Ref. 3 24

8 or this sample\H o> AHSY

pp

. The uncertainties iG are almost sufficient to reverse the inequality. This

implies AH;hom iS Very small and the film quality is high.

Measured aff=0.9T.

samples from FMR-linewidth measurements. As seen idarge linewidth neaff ¢, (b) a shallow minimum belowl ¢,
Figs. 2 and 3, the linewidth depends on temperature and thend (c) an overall larger linewidth for thinner films deep in
thickness of the epitaxial film. In general, three characteristiche ferromagnetic regime. Near the Curie temperaty@)
features are observed which will be discussed bel@va
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250 300

350

150 200 400
(a) T(K)
n
ror Y 1 !
A
o 1.4 ML&
600 [© %od><>° ° a 1
R % ColCu(001)
\8’& 5001 .’. 15 MLAA
a 400+ A 1.7 ML 4
S D20 A AA 'IF
300+ L mPEIv
e
200

(b) T (K

150 200 250 300 350 400 450

FIG. 2. Temperature dependence &dH, in (a) Ni/Cu(00
(Ref. 16 and(b) Co/CU00)) (Ref. 13 monolayers measured at 9 tems at the same reduced temperaflfE€-(d) = 0.8 measured at 9
GHz with H parallel to the in-plang110] direction. The solid lines
are guides to the eye. The arrows at the top indicate the Curiserve as a guide to the eye. Data are taken from Refs. 13, 16, 18,

temperature for each film.

(indicated by the arrows in Fig,) 2 strong increase dfH,,

is observed, which is dugEqg. (1)] to the disappearance of
the magnetizatio (T). The intrinsic(homogeneoyscon-
tribution to the linewidth shows a maximum, as discussed
previously'* Here we do not want to discuss this feature
nearT. in detail, but only to point out that except for the
data in Fig. #a) and for our own Ni111) study** there
exists only one other FMR measurement on a metallic bulk
samplé® where a clear peak inH,, nearT¢ was observed.
The observation of such a peak in Fig. 2 shows again that
thin ferromagnetic layers grown under UHV conditions are

A NilCu(001)
0900 | @ NiIW(110) 4
v ColCu(001)
© B Fe/Cu(001)
*) ® ¥ GdW(110)
2 600 |
T
<
300+
0 4 8 12 16 20
d (ML)

FIG. 3. Thickness dependence &H,, for five different sys-
GHz with H parallel to the in-plan€110] direction. The solid lines

and 40.
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in general more perfect crystals than bulk lattices. For ex- " ' ' " '

ample, in Ref. 36 a prolonged and sophisticated annealing r (a)

procedure had to be performed on carefully polished spheri- I

cal Ni samples to see the maximumAm ,, at T¢. A simi- % %

lar increase oAH ,, is seen in the case of Co/@0Y) [Fig. ) % %

2(b)]. Unfortunately, the maximum idH,, cannot be re-

solved for the thinner layers, since the FMR signal, which is

proportional toM(T), decreases below the sensitivity limit 4 . . .

of our apparatus. In the case of Co(G01), morphological ' 160 ' 200 240

imperfectiond’ (for d<2 ML) may also play a role.

In general, below the Curie temperature we find a shallow T (K)

minimum of AH,, at around 0.7 to 0.8 (d) [Figs. 2a) and . T T

2(b)]. Note, that one should use the thermodynamically rel- L (b) 1

evant parameter, i.e., the reduced temperaluig-(d), to 7L %_H-

compareAH , at different thicknesses. Qualitatively, the in-

crease of the linewidth at lower temperature can be under-

stood as an inhomogeneous broadening. It is known that the

anisotropy constants are strongly temperature depefid&nt

and increase with decreasing temperafiir@. variation of 5

say 1% causes a larger inhomogeneous linewidth at IGwer

than closer tol .

In Fig. 3 we show the general thickness dependence of the d (ML)

EMR linewidth. The narrowest linewidths of sever_al thin- FIG. 4. (a) Temperature dependence afi thickness depen-

film systemgtaken at 0.8(d)] recorded at 9 GHz with the dence of the Gilbert damoi ter of d5 ML Ni/
L . . ping parameter of uncappe i

magnetic fleld. par_allel o the fll.m plari€q. (9)] is shown. Cu(001) (solid squaresand capped with 5 ML Cgopen circles H

Below a qertaln thlcknes.‘tc,. Wh',Ch depends on the system', is applied along the in-plang.10] direction. The thickness depen-

a strong increase of the linewidth, up to a factor of 3, isyence is taken between 240 and 300 K. The solid lines serve as a

observed. One might attempt to attribute this increase to ingyige to the eye. It was not possible in all cases to make a mea-

homogeneous broadening as a result of the increased impafarement at the three frequencies, which resulted in larger error

tance (proportional to 1d) of the interface anisotropK;  bars.

according to Eqs(4) and (9). This explanation, however,

does not work universally, dd, has considerably different enhanced scattering of the zero-wave-vector spin wWase

dependences od in the various systems—sometimes in- the FMR) due to the larger extent of magnetic fluctuations in

creasing and sometimes decreasingdas reduced. As an the quasi-two-dimensional film. Frequency-dependent mea-

example, a simple estimate with the known anisotropy valusurements, which would distinguish both contributions, were

of K»(0.8Tc) for Ni/Cu(001),263° assuming a variation of not possible for many of our ultrathin films, because either

AKS/K3=2%, we find thatAH,,,,m decreases by a factor of the resonance vanished at the lowest frequency or the sensi-

4 between 6 and 3 monolayers. This is in the opposite diredivity was not sufficient. In some cases, both effectisnen-

tion necessary to account for the behavior displayed in Fig. Sionality and inhomogeneities in the magnetic consjants

and is due primarily to the rapid decreaseHinp asd is  may contribute to the increase me8 as, for example, was

reduced. From Eq(9), neglecting the small contribution determined in the case of Fe/A)1).

from K4 /M (appropriate for the Ni/Cu systemwe find In the case of Ni/C(D01), a thickness-, temper_atgre—,_ and
frequency-dependent study was performed to distinguish the
AH, H, homogeneous and inhomogeneous contribuf®e. (1)] to
— > p S (13)  AH,,(T,d). The Gilbert damping parametgEg. (1)] was
AK3  d[7M“+12(MH,—=K3)]=K3 determined Figs. 4a) and 4b)] from measurements at 1, 4,

. , ) and 9 GHz with the magnetic field applied in the film plane.
Fords<6 ML, the denominator of Eq13) is dominated by  Fjrst one notices tha® for 5 ML Ni/Cu(001) does not de-
the K term, and theH, factor in the numerator primarily - pend on temperature within the scatter of the d&tg. 4(a)]
determines the thickness dependence Aft,om due 0 @  and does not change when capping the film with a Cu layer.
spread ofK3 values. Thus, for the Ni/Cu system a small Also, in bulk Ni (Refs. 4 and 4lLland Fe films on A¢01),%¢
spread of3 values over the sample can be ruled out as thes was found to be temperature independent in this tempera-
source of the linewidth broadening in the thinnest specimensure range. InterestinghyG of the thin Ni film is larger by a
Only a very rapid increase K3 with decreasing thickness factor of 2 than the generally quoted value of bulk I8 (

could account for the observed broadening. Using ®y. =2.5x10° s 1).*! The reason for this enhancement is most
similar statements can be made in regard to contributions ttikely the reduced dimensionality and the increased impor-
AHinhom from a spread oM or K values. tance of spin-orbit interaction in the tetragonal fiim com-

Another possible explanation is the change in dimensionparison to cubic bulk Ni®%42

ality from three to two dimensions, which occurs in the case Interestingly, there appears to be a decreasgé &dr Ni/
of Ni/W(110) around 5-6 ML** In this model the increase is Cu(001) [Fig. 4(b)] when the thickness is reduced from
due to a homogeneous broadening which results from aabout 7 to 5 ML. Consequently, the increaseAdd,, below
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5 ML (Fig. 3) should be due to some form of inhomogeneous
broadening or dimensionality effects which do not affégt

as discussed before. This is opposite to the behavior reported
for Fe/Ag001), whereG was found to increase by almost a
factor of 10 for smaller thicknessA simple interpretation
cannot be given. One may consider, however, that around 7
ML a thickness-dependent continuous reorientation of the
magnetization from perpendiculad$¥8 ML) to in-plane
(d<7 ML) occurs?>** Two possible effects o6 may be
discussed(a) In the transition rang€7—8 ML) the intrinsic
damping may be enhanced due to fluctuations of the order
parameter at the transition. Additional experiments at larger
thickness would be needed to verify this interpretatig).
The change irG may reflect the intrinsic anisotropy of the
tetragonal lattice. All measurements were performed with the
magnetic field applied in the film plane, that is to say, for
d>7 ML along a hard and fod<7 ML along the easy
direction of magnetization. The difference@between easy
and hard directions is similar to the case of fcc ‘€ajhere

the largetG=2.8+0.3x 10 rad/s is found for measurements

with H along the hard direction compared &=1.7+0.2 2000 o -

X 10° rad/s forH along the easy axis. Later in Sec. IV we 0° 20° 40° 60° 80°

will show for a Fg/V, multilayer thatG depends strongly 8,

on the orientation oM. An anisotropic Gilbert ternjup to

30% variation was also reported in the case of Fe filfris. FIG. 5. AH,, as a function offy for 7.6 ML Ni/Cu(001) at

this case, however, a larger value ®mwas obtained withd three different temperatures recorded at 9 GHgz.is the polar
along the easy axis. The origin of such a large anisotrGpic angle measured from t{801] axis to the[110] axis. The easy axis
in distorted layers could be related to the presence of aff the magnetization rotates frofa) in-plane to(c) out-of plane by
anisotropic orbital momentum, which yields an anisotrapic increasing thg te_mp_eratu're. Note the oﬁfferent scales on the vertical
factor?® And. according to Eq(2), this should be reflected in  2Xes. The solid line is a fit to the expgrlmental data according to the
G. However, to answer the question why the largeris ~ Method of Chapperet al. (Ref. 28 with the parametersAHyy,
found forH along the easy axis in bec Fe/f1) and along 20+ AHo=(a) 250 Oe, 1°, 120 Odb) 350 Oe, 5, 100 Odg)
the hard axis in Co/Q001) needs further investigation. 150 Oe, 17, 170 Qe.

Now we discuss the angular dependence of the resonance
linewidth. As an example, we show in Fig. 5 the dependenceé\ 6,;, AH;,;, andAH, display considerable scatter for the
of AH,, on the angleg,; for 7.6 ML Ni/Cu(001) as mea- different temperatures, a behavior which is not easily inter-
sured at 9 GHz at three different temperatures. For this filnpreted. Furthermore, there is no obvious reason why this
the magnetization changes from in-plane to out-of-plane wittsample, which is very similar to the one displayed in Fig. 1,
increasing temperatufé,as indicated in the figure. Because should have such a largeH n,m, While the one in Fig. 1
this film is experiencing a reorientation transition, the anisothad almost no contribution frofAH o, to the linewidth at
ropy fields are quite well balanced, ahij varies by only a 9 GHz. We thus consider this fitting procedure unreliable,
few hundred Oe with the rotation of the field directidhin  even though at any one temperature it is able to fit the angu-
general,AH,, is largest ford,=0°, and passes through a lar dependence of the linewidth data quite well. A more rig-
minimum for 8y in the range of 50°—60° at all three tem- orous(and we believe reliabjgprocedure will be used to fit
peratures. In the previous discussfeoncerning Fig. @)] it the angular dependence AH, for the Fg/V, multilayer
was suggested that the Gilbert parameter is largerHor discussed in the next section.
along the hard direction. Thus, as the temperature is raised, For completeness, we mention a related approach dis-
and the easy axis changes, one would expkkt, (64 cussed by Cochraet al,* in which there is assumed a
=0°) to continuously decrease aniiH,,(6,=90°, in-  spread ofK, andK, values around some mean value. One
plane to increase. The data, however, do not appear to showan see from Eq¥8) and (9) that a distribution ofK; will
this behavior, implying that for this sample a significant in- result in different inhomogeneous broadenings for in-plane
homogeneous contribution may also be present. As an agnd out-of-plane measurements. Using this approach, a mini-
tempt to fit the data, we have used the method of Chappertum in the resonance linewidth at intermediate angles can
et al,?® in which the angular dependence &H [, can be also be calculated for the range of anisotropy values present
represented by the first and third terms on the right side oin our samples.
Eqg. (12) plus a constant terdH . This constant term can be Finally, we would like to give an illustrative example that
thought of as the homogeneous contribution for the aase AH,, is indeed related to structural and morphological
~ @y in Eq. (11). The solid lines in Fig. 5 are the result of changes in a clean ultrathin film. In Fig. 6 we show the
this fitting procedure using the parameters given in the figuréeemperature dependence aH,, for a 17 ML Gd0001/
caption. As can be seen, the experimental data curves can B¢(110 film at three successive stages of preparatighas
fairly well reproduced, however, the required values fordeposited at 300 K(b) after heating to 480 K, an(t) after
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T(K) FIG. 7. The intrinsic contribution to the linewidth versdg as

calculated from Eq(10) using G=1.18<1C® rad/s and the other
parameters listed in the text. Inset: The orientation of the magneti-
zationM versuséy as calculated from Ed5).

FIG. 6. Temperature dependence &H,, for 17 ML Gd/
W(110 measureda) before annealingb) after subsequent anneal-
ing to 480 K and(c) after annealing to 580 KRef. 18.

quencies of our study, as calculated from EDQ) for our
heating to 580 K. This thermal treatment of the layer-by-sample parameters. For the Gilbert damping factor we have
layer grown film sharpens the initially diffuse LEED pattern arbitrarily usedG=1.18x 10° rad/s, among the typical val-
considerably and strongly increases the magnitude of thaes quoted in the literature for Fe. For each frequency,
susceptibility atT-=288 K. The latter is correlated to the AH,, is the same at9,=0° and 90°. At intermediate
improved magnetic homogeneiﬁ/Apr at 0.8T decreases angles the linewidth is larger. This is because of the &os(
successively by almost a factor of 2 during this treatment-6,) ! factor in Eq.(11). Because the magnetization easy
(from 350 to 180 O This shows that structural homogene- axis lies in the plane of the specimen, as the magneticlfield
ity is strongly correlated witthAH ,. After the 580 K anneal, is rotated out of the plane, the magnetizatdriags behind,
the layer is found to be smooth and structurally the mosuntil a fairly large angle develops between the two vectors.
homogeneou®*® Heating to the still higher temperature of The maximum separation ® andH occurs forg,,~10° to
870 K changes the film’s morphology. Large flat islands with20°, depending on the frequency. The inset of the figure
thicknessd>30 ML are most likely formed, which agglom- shows the orientation dfl for 0°< ¢,<10° as calculated
erate on top ba 1 ML Gd/W(110).17454¢This results in a from Eq. (5). As can be seen, there is a strong frequency
broadening of the resonance linewidth due to a distributiordependence, withM remaining much closer to the film
of effective internal anisotropy and demagnetization fiélds. plane, for the smaller magnetic field associated with the
Interestingly, this inhomogeneous broadening, due to islantbwer frequency, untiH becomes very close to the sample
formation, yields the saméH,, as was found for the normal (6,=0°).From Fig. 7 we see thatH,,is propor-
smooth, but structurally ill-defined, as-deposited film. tional to the frequencyw only for the anglesdy=0° and
90°, whenM andH are parallel. In general, whevl andH
are not parallelAH,,, is not linearly proportional to the
applied frequency, as assumed in Ef. In fact, as can be

As a case study, we consider the FMR spectra of an exseen in the figure, there is a small angular rangg,
ceptionally high-quality Fe/V,(001) superlattice specimen ~3°—7°, whereAH,,, is actually larger at the lower fre-
grown on a Mg@002) substrate in an UHV-based sputtering quency.
system. X-ray-diffraction studies have shown the sample has For rotations of the applied field out of the sample plane,
both high structural and interfacial qualityThe sample has the major angular-dependent contributionsite jnom is the
40 superlattice periods with a modulation wavelength ofterm|dH,/d6,|A 6 from Eq.(12). In Fig. 8 we display the
1.177 nm. The easy magnetization axis lies in-plane along &, dependence oH, for the two observation frequencies.
[100] direction. The FMR measurements described here wer&he circles correspond to experimental data, and the lines
carried out at room temperature at the two frequencies 4.06orrespond to the simulation from Eg®) and (7) for the
and 9.24 GHz. Earlier repoffs*® have described the MAE given parameters. The agreement between the data and the
of this sample plus its temperature dependence. As reportagsonance condition from the fourth-order energy density is
there, the dependence of the resonance figlcn the ori- good at both frequencies. The peakéat=0° is consider-
entation of the applied magnetic field is well described byably sharper at the lower frequency, because of the tendency
the following parameters used in expressing the free energef M to remain closer to the sample plane urij is very
density to fourth order[see Egq.(3)]: g=2.09, 27M close to 0°. The inset of Fig. 8 showsH, /96| as calcu-
—K3;/M=6.25 kOe, Ky/M=0.032 kOe, andK, /M lated from the simulations at the two frequencies foP°

IV. AN Fe,/V, MULTILAYER CASE STUDY

=—0.615 kOe. < #y<+10°. The curve for the lower frequency was actu-
First, we consider the characteristics of the FMR signaklly calculated a§AH,/A6y| using a step size of 4,
for rotation of the magnetic field throughy (out of the film  =0.1°. We have done this because the slope of the lower-

plang. In Fig. 7 we plotAH ., versuséy for the two fre-  frequency curve in Fig. 8 becomes so steep rgage =1°
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FIG. 8. The resonance field verség for the two observation 1&1 L § .
frequencies. The circles represent the experimental data, and the < d 4
lines are the simulations calculated from Eg. Inset: The slope of I o
the resonance field versug, curve for the two observation fre- 0 O . IN-0.0
quencies. As explained in the text, the lower-frequency curve was -90° -60° -30° 0° 30° 60° 90°
calculated using a step size a9, =0.1°. 0

H

that the variation of 6,; over the sample is unable to resolve ~ FIG- 9. The peak-to-peak linewidth as a function &f. The
the actual derivative. It should be noted from the inset of Fig_urcles give the experimental data, and the solid line is fitted by
. o summing Eqgs.(10) and (12), using the parameterss/M=1.26
8 that for a fixed value ofy (other thand,,=0°), AH;hom
. . ' ' X 10° rad/s G,A 6,=0.12°, andAH;=3 Oe.(a) Results at 9.24
will not be independent of the frequency, as assumed in E H nt @

. R . %Hz. The dotted line is the homogeneous contribution, and the
(1). Once again, this situation occurs whinandH are not  y,qned line is the inhomogeneous contributidmn.Results at 4.06

parallel. GHz.
Comparing the curves in Fig. 7 and the inset of Fig. 8,

there is seen a similar angular dependence to the two Iines'mall once again indicative of the high quality of this speci-
width contributionsAH,pom@andAHy,,. The contribution to ' g y P

AHinhom, however, is a more sharply peakeorl) function whose |, Fig qb) the same fitting procedure is shown for the
maximum is S|tgated 3-5 t|me§ closerp=0 .than.occurs data at 4 GHz using the same values @M, A6y, and

for AHpom. In Fig. 9 we have fitted the FMR linewidth data A . Although the maximum and minimum linewidths are
for rotations of 6 using contributions from botAHisnom  well fitted by this procedure, the simulation is more sharply
[Eq. (12)] andAHpem[Eg. (10)]. The sharp peaks in the data peaked nearf,=0° than the data. The linewidth data
near 6,;=0° are due primarily to thgsH, /d6y| A6, term  change so rapidly neaf,,=0° that it was not possible to
in Eq. (12). The fitting procedure is carried out most reliably follow the dependence exactly. The individual data points
for the 9 GHz datgFig. Xa)], where the angular variation is are only accurate to abott1° in 6., which is insufficient
not so fast. The fit here requires a spreadAd#f;=0.12°  resolution to show all the detail in the simulation. For ex-
among the various regions of the sample. This is consistergmple, the sharp dip in the simulation &=0° was not
with the x-ray datd’ To fit the data in the regiorg, observed. This absence could also be accounted for by a
~=+10°-50°, it is necessary to have a contribution fromsmall tilt of the sample plane from a vertical plane by as little
AHpom. The fitting procedure of Chappeet al. utilized a  as 1°. Nevertheless, there still remains some discrepancies
constant quantityAH, to representAH,,n, and this often between experiment and simulation in the vicinity éf

left a distinct gap between the data and the fitted curve in thiss0° which cannot be accounted for by our fitting procedure.
angular rangé¢e.g., see Figs. 3, 4, and 5 in their pap&We Next, we consider rotations of the field in the sample
have selected the value G/M to optimize the fit nea#, plane(variation of ¢, with 6,=90°). In this geometry, the
==*90°. Note that we do not need a constant texi, in solution of Eq.(5) shows thatk, /M is sufficiently small
fitting the data. The individual contributions &H,,, and that M simply follows H for all values of ¢y . Thus, ¢
AH.hom are depicted in the figure. Vibrating-sample magne-= ¢, andM andH are always parallel. As expected in this
tometry measurements on this sample give at room temperaituation, Eq.(10) gives us a value foAH,,,, which is in-
ture a magnetizatioM =1.192 kOe, from which we obtain dependent ofpy, linearly proportional to the frequenay,
G=1.50x1C® rad/s from our fitting procedure. The term and in agreement with Eqél1) and(1). As shown in Fig. 3
|oH, /0H/ AH;y, in Eq. (12) is a sharply peaked feature, of Anisimovet al,**H, has a total variation of about 100 Oe
centered at?,=0° and only a few degrees in width. We with the rotation in¢, , with the resonance occuring at the
have selected\H;, in this term in order to fit the data at highest fields forp,=45°, 135°(the in-plane hard axgand
0,=0°. Our value forG is 2.6 times that measured in the at the lowest fields fogp,;=0°, 90° (the easy axgsA very
bulk,® while the value determined fakH,, is exceptionally ~small difference inH, between observations ap,=0°
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([100] axis) and ¢y =90° ([010] axis), was explained in
terms of a small in-plane uniaxial anisotrofy finite K;), (a) 1004
most likely arising from a step-induced anisotropy. As
shown in that figure, one obtains a good fit between the data
and the simulation for they,; dependence dfl, . From these
simulations we have calculatédH, /d¢| at the two obser- ~
vation frequencies and find the two curves almost identical. 2
Consequently, the terfvH, /dpy|A ¢y from Eg. (12) for
AH;.nom has no significant frequency dependence.

Thus, for the rotation oH in the plane of this sample,
becausé/ andH are always parallelH,,,, will be linearly
proportional to the frequency, amtH,,,om Will be frequency
independent. For this geometry, it then appears appropriate
to use the frequency dependencedfi,(w) to separate (b)
AHjnom @nd AHy,, from each other, as discussed with Eq.
(1). In Fig. 10a) we display in a polar plot the),, depen-
dence of the peak-to-peak linewidths at the two frequencies.
Using a linear extrapolation to zero frequency for the two
linewidths for each value oty , one obtains the Gilbert
factor G from the slope, and\H o, from the intercept.
These are plotted as a function ¢f; in parts(b) and(c) of
Fig. 10, respectively. The Gilbert damping fact®rdisplays
an angular symmetry correlated with the crystalline axes.
There is a very large variation in the size ®f much larger
than any reported by other observ&psin fact, for certain
values of¢,,, the paramete6 tends to zero.

The results in Fig. 104 rotation can be compared with
Fig. 9 (6 rotation for self-consistency at the one orienta-
tion the two figures have in common the applied field along
the in-plane[110] axis. Both sets of data are in agreement
that for this orientation of the field, the linewidth is due
almost entirely taAHom, With AH;nom making a negligible
contribution. The values o obtained by the two different
fitting procedures ar& = 1.50x 10° rad/s(fitting the 6, de-
pendence at 9.2 GHlzand G=2.17x 1¢® rad/s (fitting the
¢y dependence with the 9.2 and 4.1 GHz ¢latde smaller
value is about 30% less than the larger. Although the two
numbers are in the same ballpark, the discrepancy is larger
than the estimated uncertainties@) the larger being about FIG. 10. (a) The peak-to-peak linewidths observed atopen
+10% from the experimental error in the slope of thiel,,  squaresand 9(solid squaresGHz versus in-plane angké,; mea-

VS w Curve. sured from thg100] axis, as displayed on a polar gragh) The

In Fig. 10(c) we have attempted to fit the data ®H;,nom Gilbert damping factor versug, , as determined from the data in
with Eq. (12). The diamonds represent the data, and the solidart (. (c) The inhomogeneous contribution to the linewidth ver-
line is calculated from the equation. The angular dependenc@!S¢+ - The points are obtained from the experimental data in part
of the simulation results from the terfaH, /d¢y|A ¢y . As (@). The line is fitted to the data using EG-2) with A ¢, =15° and
can be seen, the data and the simulation show the same ahHin=0-
gular symmetry, and the overall fit is not too bad. However,
in order to obtain the quality of the fit shown, it is necessaryphasewith the data, in the sense that they give maxima for
to use a value ofA ¢y=15°. This number is very much AHjom for those values of¢, at which the data show
larger than what one anticipates from the quality of the x-rayminima.
measurements which were made on the sample. Overall, we have been unable to justify the fitting proce-

Looking for other contributions tdH;nom. We examined dure used forAH,,,m in Fig. 10c), or to find an alternate
the consequences of having a spread of values for the coprocedure which works. Thus, our confidence level in the
stantsM, Ky, andK, in Eq. (9), as well as variations in the accuracy of the indicated angular dependence of both
parameterK, (induced by steps on the substated the  AHjynom @and G is not high. Certainly, the frequency and
direction of the steps. Such variations throughout the samplangular dependence &H,, for in-plane rotations is real.
can produce &\ H;,,,m With the same angular symmetry as The analysis procedure we have used, however, is not con-
seen in Fig. 1(&). A spread ofK, values, for example, is sistent with the structural quality of the specimen. Clearly,
able to account for the differences along {i60] and[110] more experimental and theoretical work is needed for a bet-
directions. However, these simulations are in genewdlof  ter interpretation of theb, dependence of the linewidth data.

(Oe)

AH

G (108 s)
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V. CONCLUSION narrowest linewidtha H ,, observed in our studies and com-

In summary, the FMR linewidth is demonstrated to be arPr® them to theoretically expe_cte_d ones using bulk d_a_lmpmg
. X ; parameters. We note that the intrinsic damping, th&s,iss
important experimental parameter from which a lot of de- ; S . .

L - X enhanced in ultrathin films, in general. A correlation between
tailed information on the magnetic and structural state of

ferromagnetic ultrathin film system can be obtained. Genera ifh ?:);Fr)s”?n?jn:ﬁg1l‘_i|lm’sir;l?clfr:reuscstu'ESmmlejrs;tl?ri g?\rgoé:ngflal-
trends in the thickness and temperature dependence of tl){é’()a raph 'must be taken into acco,unt Iginall v(/e haveyalso
linewidth for several ferromagnetic monolayer systems weré graphy : Y

discussed, such as a linewidth broadening at lower temper&—hOWn how to distinguish the homogeneous and inhomoge-

ture, due to an increase of the inhomogeneous contributior c 043 linewidths in angular and frequency-dependent mea-

and a broadening at all temperatures with decreasing thick§_urements. The fu_II analysis is applied to t_he exemplary case
ness. The latter may result from a change of dimensionalit'%c an Fq/V, multilayer, Wher? we determined an apparent
in the thinnest films or, in some cases, to an inhomogeneo hgular dependence of the Gilbert parameter.

contribution arising from an enhanced role of variations of
the surface anisotropies. Evidence for an anisotropy of the
intrinsic damping Gilbert parametgrof the magnetization is
found in tetragonal Ni/C@®01) for the first time. Larger This work was supported in part by the Deutsche
damping occurs withH parallel to the hard direction, which Forschungsgemeinschaft, Sfb 290. The 4(/&),, sample
agrees with observations for Co/@01) (Ref. 19 but is was prepared at Uppsala University within the Thin Film
different than the case of Fe films. In Table | we list the Consortium.
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