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Spin-wave resonance in high-conductivity films: The Fe-Co alloy system
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A detailed standing spin-wave resona&SWR study in the frequency range 17—-69 GHz in normal and
parallel configurations is presented for,E®, _, alloy films. The implications of the use of different approxi-
mate theoretical descriptions for the line positions, widths, and intensities are investigated and compared to the
complete theory which includes the coupling of the spin waves to electromagnetic waves by means of the high
conductivity of the material. Far= 0.55, the exchange paramefeis determined to be 2.% 1078 erg/cm,
i.e., significantly higher than for pure 2.0 X 10~° erg/cm. In contrast, they factor and the damping
constant\ are almost the same for=0.55 and 1. The problem of interpretation of the surface anisotropy
parameterK, obtained by different experimental methods on different film thicknesses is discussed.
[S0163-18296)05730-X

[. INTRODUCTION perature Tc(x) has its maximum(1243 K) for the bcc
phasée indicating a strong exchange interaction. This con-
Because of the wealth of information accessible, standingentration is close to the limit of the above-mentioned pla-
spin-wave resonanc(SSWR and ferromagnetic resonance teau ofg(x) and A(x), and the magnetocrystalline anisot-
(FMR) belong to the classical experimental methods in theopy is low which often favors narrow resonance lines.
field of magnetisnt— The spectra depend on the magnetiza-Second, we analyze the implications of different theoretical
tion, surface and volume anisotropies, direct and indirect exapproaches with emphasis on the modifications that occur
change interactions, thieefactor, damping, conductivity, etc., when a relatively lowp as that of Fe-Co is taken into ac-
which, on the other hand, also require an elaborate analysigount. Finally, we discuss some aspects that are relevant for
in many cases. the interpretation of the surface anisotroiy obtained by
Various approximations have been used for the theoreticalifferent methods.
descriptior? and effects related to the finite electrical resis- In Sec. I, we explain the theoretical principles. Some
tivity p of a metal are often neglected. The latter complicateexperimental details are given in Sec. Ill. The results to-
the theory considerably, and, e.g., the quite complex case @fether with different steps of the analysis are presented in
the external field parallel to the film plafparallel configu- Sec. IV. Section V is devoted to the discussion of the results
ration (PC)] was only recently treated in detail with introduc- and their interpretation.
ing formulae for the surface impedanZe® Generally, much
work was devoted to the understanding of SSWR spectra
but, remarkably, despite the precision achievable by the
method, the potential was not fully exploited for the extrac- The development of the theoretical description may be
tion of information on various magnetic materials, and mostoughly separated into three steps which we sketch briefly
of the work was done only on certain systems, mainly on(KT, IT, and CT stand for Kittel's, insulator, and complete
Permalloy(Fe,oNi g). theory, respectively; see belpwrhe equation of motion for
In a recent short notéFe,Co,_, was found to show a non-uniform excitations is
remarkable concentration dependence of the Landau-Lifshitz

II. THEORY

damping parametex and theg factorg, with both quantities -
exhibiting a plateau fok larger than~ 0.5 and an increase IM 7 5L 2A N

g apiate g - _ >ase =yMX|H+—5V?M——=(MXH;)|, (1)
on the Co-rich side. It could be shown that the investigation at M M

of the mutual relationship betweeag(x) and \(x) helps to
understand the relevant interaction, i.e., the spin-orbit couwhere M denotes the magnetizationn=gug/# the gyro-
pling in this casé&:’ The system FgCo,_, is also suitable magnetic ratio, and the exchange parameter. The last term
for first principles electronic structure calculatichand a  on the right-hand side describes the Landau-Lifshitz damp-
comparison with experimental data is challenging. ing. The internal fieldH; includes the interactions &l with

The aim of the present paper is twofold. First, we deterthe external static magnetic fiekd, dipolar fields, anisotropy
mine the physical quantities of E€o,_, films accessible by fields, etc>*
SSWR which, to our knowledge, has not been done before In the most popular case éf andM perpendicular to the
and which should contribute to a more complete picture okurfaceg normal configuratiofNC)], the resonance condition
this alloy system. We focus ot~0.55 where the Curie tem- in the simplest form &
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a system with a relatively high conductivity such as Fe-Co.
V) k2, 2 Pronounced changes may be expected fomes into the
range ofk. We stress tha# is reduced at resonance in com-
wherew/(27) is the microwave frequency aridthe wave parison to the “nonresonancelconventional skin-effegt
number of the spin wave. In general, additional uniaxialcase. E.g., for material parameters typical for Fe-Co, the cal-
anisotropies may be taken into account but these are smalllations yield a reduction from-10"% cm to ~2x10 8
for our films. cm (for Kg=0; for K,=+0.5 erg/cnt, we find ~3x10°°
The boundary conditions determine the possiblelues. cm and~4x 10 6 cm forK = —0.5 erg/cnt) for the active
KT as the simplest approximation assumes ‘“perfect pinwave (positively circularly polarized, Kittel modg in the
ning” of the spins at the surface, thus leadingkte n#/d, NC at 23 GHz. In the PC$ at resonance is-3x 107 cm
wheren is an integer and the thickness. for each of theK values.
In a further step, an arbitrary value of pinning is intro-
duced in the form of Nel's surface anisotropy

w
(—) =H-47M+
Y

Ill. EXPERIMENT

Es=Ksirr®. 3 The samples were prepared in an rf-sputter system de-
The possiblek values are then determined frdm scribed previously:*® Two different types of substrates were
used. On Mg@d01), single-crystalline films of good quality
A were obtained but the single-crystalline growth could not be
cot(kd/2)= K_k’ —tantkd/2)= K_k- (4)  extended ta~ 1000 A which would have been particularly
® ® useful for SSWR. Therefore, the series to which we mainly
This model will be called IT. It reduces to KT fdf,— . refer is polycrystalline and grown on glag800—1900 A.
As can be seen from Eqgf) or their graphical solutidhthe Al Fe-Co films were covered with a 40 A Au layer to pre-
difference between IT and KT is most pronounced for theyent oxidation. Essentially the same characterization scheme
low modes. There also exists a solution with imagin&ry was applied as described in Refs. 6,15 employing x-ray dif-
(surface modein the NC for Ks<0 and in the PC for fraction and scanning electron microscopy with energy-
Ks>0. Many authors have discussed their results in terms oflispersive x-ray analysis. As an additional magnetic charac-
the above concept or its modifications, and various aspectgrization tool, hysteresis loops were measured by
have been highlightet:°~** Recently, Portis’ idea of spin microwave absorption, yielding low coercive forcér
waves in films with a tailored magnetization profile some filmsH < 10 G).
M=M(z) was experimentally investigated. The SSWR spectra were measured in a shortened wave-
However, the above approach is still the insulator apguide setup at 17, 23, 48, and 69 GHz with a maximum field
proximation. Effects related to the finite penetration depthof 31 kG. The sample could be placed at various positions in
6 of the high-frequency fieldskin effeck and to coupled the magnetic and electric high-frequency fieldse different
electromagnetic and spin waves are neglected. If a fini,e  excitation conditions described in Sec. IV and Fiy. Both
taken into accounttogether with finiteKs andA which we  the microwave frequency and the static field could be mea-
will refer to as CT), the theoretical description becomes sig-sured with high precisiortbetter than 10® and 1074, re-
nificantly more complicated. We only indicate the main in- spectively; for sensitivity and accuracy, see also Refs.
gredients(for details, see, e.g., Refs. 2,%quation(1) to-  16,17.

gether with Maxwell's equations Measurements in a broad frequency range are useful for a
. . number of reasons. In general, the accuracy of the determi-
- 1d(h+4mm) - A4mo. nation of several quantities is increased, eggdactor, damp-
VXe=——=—————, VXh=——= (€Y . ; :
c ot c ing parameter, anisotropies, etc. Moreover, there are SSWR-

) ] . specific advantages. In the NC, the field interval for spin
yields three relations for the components of the high-yayes is of the order ab/y (saturation field of the order of
frequency magnetic field and magnetizatibnandm. e is ~ 47M, lowest-order mode at aboub/y+47M). As the
the electrical fieldo the conductivity, ana the velocity of  analysis is more precise the larger the interval and the more
light. The resulting secular equation for the wave numbers isnodes are observable, especially high frequencies, are use-
biquadratic for the NC and bicubic for the P@fter apply-  ful. A similar argument holds for the PC where the low-field
ing appropriate boundary conditidré for h and rﬁ, finally limit is not the saturation but simply the zero field. In addi-
(following rather long algebpa the tangential components tion, the possibility to measure at different values of the el-

(e, andh,) of e andh are determined and, hence, the nor-!iPticity in the PC is an important poinfsee Sec. I, par-

malized surface impedarfce ticularly if 477M is high. In this respect, due to its high
magnetization, Fe-Co is experimentally more difficult for
2 e SSWR than, e.g., Permallgyvhich also has a higher resis-
Z= VZWAW(E) ) (6) tivity, causing a less strong exchange-conductivity broaden-
surface ing).

which depends o, o, v, M, K, A, \, p, andd in a
nontrivial way.

Although the insulator approximation is quite often used
as it is much more convenient to deal with, it is by no means In the following, we present the experimental data and
cleara priori that this is justified, particularly in the case of explain their analysis. The resulting parameters displayed in

IV. RESULTS AND ANALYSIS
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| antisymmelric _ FIG. 2. Line positionsH, of Fig. 1 as a function oh?. The
slope of the straight linéKT) corresponds to &/M=2.4x10"°
G cm?. The fit using IT and CT yieldK,=0.5 erg/cn? and

23 24 25 26 27 28 29 30 31 2A/M=2.7x10"° G cm?.
external field (kG)
An improvement is achieved by taking into account a fi-
FIG. 1. (a) 23.01 GHz spectrum in the NC for a film on glass nite K. It is useful to look first at the expansion of the IT
with d=1500 A andx=0.55. (b) Theoretical spectrum calculated [Eqgs. (4)] in the vincinity of the solutions for
using A=2.43<10"° ergicm, 47M= 22.55 kG,K=0.5 erg/cm  2A/(Kd)—0 (KT), i.e., aroundkd=n. For |2A/(Kd)

?,9=2.09,p=8x10"° Q cm, and\=6.5x10’ rad/s. For clar-  <1| and not too higln we obtain in lowest order
ity, the symmetric and the antisymmetric parts are indicated.

Table | are obtained from a simultaneous fit for all frequen- (kd)w*nff( 1- K.d T ) (7)
cies and orientations using the CT. For clarity, we separately S

discuss the NC and PC and try to indicate which observabland, thus,

is influenced most by which material parameter. The mode

spacing, e.g., is certainly the main feature for the determina- AmAn| 10 S0 )
tion of A. Itis also used for a first discussion of the approxi- T 7KT K d '

mate theories. We concentrate on the samples aviahound . . .

1200-1500 A as they yield the most transparent results. Fap®: for apositive K, the realA is underestimatedy ana-
smallerd, fewer lines are observed, and for highr the lyzing with the assumption of perfect pinning. The curvature

intensity 1(n) decreases more rapidly which makes the©f Hn(n) |520bta|ned in_higher orders, an_d f&s>0 the
analysis also more difficult. slope ofH(n“) becomes smaller for low which is the case

here. It is also readily seen that for very higtthe slope of
H(n?) is independent oK but this situation is practically
not reached for the present samples. The final fit displayed in
In Fig. 1, we show a typical NC spectrum at 23 GHz. TheFig. 2 is obtained using IT/CT, and the parameters are given
line positionsH,, are displayed in Fig. 2. In a first sté[T),  in the figure captions. It should be noted that for IT and CT
one may obtain an estimate fé from the slope ofH, n is not connected witk in the sense of KT but represents
versusn? (for higher-order modési.e., assuming infinite the mode number, i.e., the branch of the solution of E4js.
K. For our samples, the value fér would be of the order for IT.
of 2x 1078 erg/cm. With this crude assumption the agree- For this thicknes$1500 A) and the material parameters of
ment is limited, and, particularly, the curvaturetbf(n?) for ~ Fe-Co, it is found that the difference between IT and CT
low n causes deviations. concerning the lingoositionsis very small. Our simulations
yielded a shift ofH,, by <2 G when changing by several
TABLE |. Parameters for the simultaneous fits of the SSWRorders of magnitude. However, this applies onlykg>0
spectra at different frequencies in different orientations using théound in our films(see also Sec. V For negativeK, the
complete theory. We give here the values averaged over a series dffference between IT and CT can be signific%t.
samples representative for §£€045. The main parameter of inter- Inhomogeneities in the films may cause deviations from a
est,A, scattered by abOL(B—lQ%, mainly due to uncertainties in Slmple quadratlc dependencefd)r'ﬁ on k as d|scussed, eg, in
the determination of the thicknegsis ~ 10% higher than the bulk  Refs. 18,19. These are usually more pronounced for the low-
value (Ref. 9 to fit AH(n=1) in the NC. For the surface anisot- 4 qer modes. Some authors discuss this in terms of the so-
ropy we obtaine;= 0.5 erg/cnf. called “Portis well” defined by the comparison of the ex-
change energy of the modes with that associated with the
internal field inhomogeneit}? For our samples, essentially
227 2.09 2.7 8.0 6.5 only the main mode exhibits a deviation from the theoretical
curve, and, consequently, all other modes are located out of

A. Normal configuration (NC)

47M (kG) g A (10 %erglcm p (10°6Q cm) N (107 rad/9
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FIG. 3. Line widthAH as a function of mode numbarat 23.01 FIG. 4. 48.80 GHz spectrum of a 212 A single-crystalline film

GHz in the NC ford= 1500 A . The deviation between theory and on ngool) with x=0.9 in the PC. The external field is applied

experiment for highen is explained by a small lateral variation of along the hard axis in the plane, i.e., {14.0] axis of the film. The

the thicknesgsee text spacing between the main mode and the first low-field satellite is
very high(5.46 kG due to the small thickness. It is similar for the

the Portis well[ (2A/M)k?> 6H,,]. The internal field inho- easy axis and corresponds t&/M=2.5x10"° G cn?.

mogeneity can be estimated using the vatje , obtained

by extrapolation from the high-order modes, which is proportional tosp><(AH)2 where S, is the peak

signal), is expected to behave like-n~?2 for perfect pinning

S(Hin) ~Hn—1—H¥_,, (90  (KT). For finiteKy, | falls off faster withn which is the case
- i for the present films.
yielding some 0.01-0.1 kG for our films. 0.1 kG. Our simulations using CT show that the conductivity sig-

The experimental finding of @ minimum of the linewidth, nificantly changes(n) as was also discussed in Ref. 11 for
AH, for intermediaten as shown in Fig. 3 is common for the permalloy. As this phenomenon is connected with a finite
whole series. Due to the low, the exchange-conductivity s the influence op onl(n) depends also od andKs. Due
broadeningis quite strong for the main mode but this effect to the complexity of the problem, it is clear thiin) can
decreases rapidly with increasingand the theoretical curve o1y properly be described by CT. However, an accurate and
is then governed by the Landau-Lifshitz damping. _ reliable analysis of intensities is quite a complicated task as

The deviation between theory and experiment for highef ) can be strongly influenced by inhomogeneities within
n which has also been found by other authors, e.g., for Pekne film volumé® which are difficult to incorporate in the CT

malloy films®® may be explained by assuming a small lateral(in Ref. 19, the insulator approximation was used together
thickness fluctuatiornsd, which leads to a broadening pro- \yith |imiting cases fork.).

portional ton?,
B. Parallel configuration

K ad M| d (10 Measurements with the external field in the film plane are
less popular in SSWR and their analysis is somewhat less
od/d is of the order of 1% for our films(assuming direct. As indicated in Sec. Il, the theory is more compli-
k=n/d). Equation(10) is, however, only a simple picture. cated, and usually a smaller number of modes can be ob-
For a more sophisticated theoretical treatmenkBif(n) (in-  served, but, of course, a complete SSWR analysis has to
cluding dipolar and exchange coupling, but neglecting conreflect also on the PC spectra. accuracy. For SSWR investi-
ductivity contributiong and its dependence on different gations, particularly at various frequencies, the following
kinds of fluctuations see, e.g., Ref. 21. points are important.

The effects of different intrinsic parameters Ahl for the First, in some cases the PC may be even more useful than
main mode are the following. As mentioned above, thethe NC for the detection of other than the main mode. When
exchange-conductivity broadening is dominating.Ms in-  the mode spacing~d~2) for very thin films is so high that
creases almost linearly with decreasjngit is clear that the it is of the order of(or even exceedshe disposable field
lines for Fe-Co are broader than for Permalloyintervalinthe NC ¢ /vy, with o low enough for the main
(p=14x10"5Q cm). For thicker films, this broadening mode still below the maximum field of the apparatudC
source is more effective; e.g., for 1500 AAH is ~ 30 G measurements at higher frequencies are the only way be-
higher than for 120 A . In therange ofd~200 A , it can be  cause there the disposable field interval is higher, e.g., for 69
neglected for most practical purposemly ~ 2 G).?? An GHz, about 15 kG between the main mode and zero field. An
increase ofA also leads to a broader line but this effect is example of this rarely applied “technique” is shown in Fig.
relatively weak as well as the broadening with increasingd for a sample withd= 212 A belonging to our single-

K, in the NC(in the PC, an increase #f; narrows the ling crystalline series grown on MgQ01).

The intensityl, defined as the area under the absorption Second, the ellipticity of the magnetization precession,

curve[second field integral of the measured derivative signathe effective surface anisotrop{;(gff (see Ref. 2 and the

IH ok ‘_ 2A<n77)226d
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intensity of higher-order modes can significantly change for —
different frequencies, in contrast to the NC. With the normal- i Iigss‘gg;'Lel'zg%n;\i)guraﬁom al 69.71 GHz ]
ized frequency) = w/(y4mwM), the ellipticity is given by - (a) EXPERIMENT 1

- antisymmetric excitation: —

[ x 30000 l

o 20 an 2 ——’/w(i
1+1+40% L ‘/\nﬁz(‘z)_—

B /v@_'

(b) THEORY

For the present samples, for 69 GH;~-1 andR~0.62. In
the case of 17 GHZR~0.24, and for 9 GHzR~0.13. It
should be noted that these values hold only for the main
mode. For high-order modesl,, and, consequently, the el-
lipticity are lower. Due toR=R((Q), also K"=K:(w).2 - ﬁ,x—m symmetric
=7
1
8

3
The effect is illustrated easily by the limiting cases. For [ n ]
anlisymmelric 1
n=2 —.
) [ L 1 L
14 16

n=1

FMR signal (arb. units)

wly<4mwM, one findsk&"—0, whereak&"— —K/2 for
wl/y=>47M (however, the latter case is practically impos-

sible for Fe-Co at common frequencigd The frequency 6 ' 1'0 ' 1'2 18

and the surface anisotropy therefore strongly influence the external field (kG)

mode intensities which, in any case, decrease more rapidly

with n than in the NC. FIG. 5. 69.71 GHz spectrél200 A FgsCo,s on glasg in the

The first feature we discuss for the PC measurements cofC for different excitation conditions. For No. 1 the film was glued
cerns the main mode. Figure 5 shows a film wdts 1200  onto the waveguide wall at a position of maximum magnetic high-
A . The finding of apparently one broad line, in some casedrequency field and vanishing electric field. No. 2 was recorded
with a shoulder on the low-field side, is common for all our With the film servingas the wall. The microwaves then penetrate
films above~ 1000 A . However, broadening effects are not on!y from one side of_ the film. As this !eads to a reasonable e_xci-
sufficient as an explanation. The main point is that the lower2tion of antisymmetric mode&due to high-frequency currents in

order lines are overlapping. We show that the broad featurg"e film plane, this configuration was also used for most measure-
: . . ments in the NC. For No. 3 the film is placed within the waveguide
around 15 kG can be decomposed into three lines.

. at a distance of- 1 mm from the wall where the electric field is

Rignificant, leading to a highl trical itati d alread
film placed at different positions in the waveguide. This gniticant, feacing 1o a nighly asymmetice: excration and aready

. v . . - . ~adistortion of the line shapes. The theoretical spectrum was calcu-
leads to different “degrees of antisymmetric excitation;” |,iaq usingA=2.6x10"® ergicm, 4rM= 22.75 kG, K,=0.5
. y . ) S .

i.e., the symmetry of the exciting high-frequency field with erglcn?, g=2.09, p=8x10° QO cm, and \=6.5x10 rad/s
respect to the center of the film is varied. As the first andyhich fit also the NC spectra of this film. As the setup No. 1 has the
third modes couple to symmetric, the second to asymmetriges; signal-to-noise ratio, it is used for the detection of rike?
components of the high-frequency field, the relative intensisateliite. The satellite is still on the low-field tail of the main modes
ties of these modes are changed. In this way it can be seejnd, therefore, the shape is heavily distortgd.fact, the line po-
that the main feature is, in fact, built up by the first threesition H,_; corresponds to the “saddle point” of the signal at 8
lines which is shown directly in the theoretical spectrum. InkG. The modes between 8 and 14 kG are even more distorted as
principle, one may fit the spectra using a total microwavethey are closer to the intense main mode and, therefore, not shown.

absorption given by For the 1500 A film of Fig. 1, the distortion is even more significant
than for the 1200 A shown here as the lines are closer to each
aReZ,) +bRe(Z,). (12 other) As in the NC, the higher-order modes are broadened by

thickness fluctuations. If this is taken into account, there is reason-
Re(Zs a) stands for the real part of the surface impedanceable agreement with the intensities S, (AH)?] given in Table
(symmetric and antisymmetric contributions, respectively Il although the gain factors displayed in the spectra are different.
which is calculated from the CTThis is not done here as

the precis_e value of the experimental paramatéris diffi- the character oh=0. Consequently, the satellite had to be
cuItT;]c; as?gc?:{d feature concerns the higher-order modes Iﬁ\beledn=6 in this picture. The value of such an argumen-
g : A[ation is to find an easy clue to the mode character; however,

example is displayed in the low-field part of Fig. 5. The ., led mainlv by plausibility. E bi
agreement of the experimental and theoretical line position il Is le mainly Dy plausiol |_ty. or unambiguous staten_went'_s,
the more rigorous analysis by CT is necessary which is,

excellent(spacing to the main mode better than)2%gain, A X 5

we stress that the same parameters also fit the NC spectra. Preover, applicable also in cases whedél,, ~(n

our simulations, the satellite is identified as the fourth sym-—n’?) would yield noninteger values.

metrical mode, i.e., the seventh of all modes. This satellite is also used to demonstrate the sensitive de-
It is interesting to take a look at the field distandid,,, ~ Pendence of the intensity oks which helps to determine

to the main mode. Using®M=2.87x10"° G cm? from this quantity. In Table II, we calculate the ratio of the inten-

the NC measurements of this film, in a simte=n=/d sities of the main and the fourth symmetrical mode. The

model 6H,,~7 kG would correspond rather to strong dependence dfy is obvious.Ks<0 is not included

n?—n’2=6%2—0=236 than ton>—n'2=72—12=48. In fact,  as the intensity ratio is even more extreme and the higher-

due to the smaller effectivi§ in the PC, the surface spins order modes are even more difficult to detect in the experi-

are “more unpinned,” and, hence, the main mode has morenent at the PC.
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TABLE Il. Calculated intensity ratio of the first and fourth sym- TABLE Ill. Exchange parametef for the FgCo,_, System.
metric mode =1 and 7 of all modesfor d=1200 A in the PC for  BesidesA, we also give the spin-wave stiffneSs=(2A/M)gug
different frequencies anid values and material parameters as dis- defined via the magnon ener@=Dk? (Ref. 2. For Co, different
played in Table I. The experimental value for the intensity ratio atstructures were stabilized by epitaxy and different preparation con-
69.7 GHz is~2x1075. At 48.8 GHz, where the line position of ditions.
the n=7 satellite is already close to the zero field, the signal was

not sufficient for a reliable intensity determination. A (10 ®erg/cm D (meV A?) Ref.
Frequency(GH2) K (erglcm?)  Intensity ratio Fe (bco) 2.0 280 2,25
Fey 55C0g .45 (bco 2.7 360 this work
48.8 1.0 1.x10°* Co(bco 1.8 330 26
0.5 2.3x10°° Cofco) 1.1-1.3 210-260 2,27
0.0 1.8<10°7 Co(hcp 2.9 510 25
69.7 1.0 1.%10°*
0.5 4.1x10°°
0.0 3.0x10°7 A7 yA 13
= oM (13

V. DISCUSSION AND CONCLUSIONS .
can be even higher than for pure Ae=2.79x 10 °; for an

From our analysis of the experimental data and from adextensive discussion see Rej. 2
ditional simulations comparing the results of the CT for the The apparent similarity ofj(x) and\(x) can be qualita-
real p and an artificially highp (insulatop the following can  tively explained on the basis of the spin-orbit coupling as the
be concluded. relevant interactiofi.’ A really quantitative analysis depends
The line positions H, are well described by IT for the on a detailed knowledge of the spin-orbit coupling param-
material parameters of Fe-C§,>0, andd~ 1200-1500 A  eter, density of states, and electron scattering frequency as a
(intermediate thicknessed=ord~ & (some 100 A and thick  function ofx. In order to obtain a precise theoretical value of
films (> 2000 A), CT should be usettifference to IT some \, most probably also a more sophisticated model would be
10 G and> 100 G, respectively For K< 0, the deviations required.
of IT from CT are generally largésome 100 ¢ which is In Table 1, we list the value for A and
connected particularly with the surface mode in the X D=(2A/M)gug which determines the magnon energy
the PC, the change of the ellipticity ar€™ with n is a E=Dk? (for small k) (Ref. 2 together with those for the
considerable effect. The most important point for the PC ispure elements. For Co prepared in different structures, an
however, the decomposition of the main mode structsee  interesting discussion was presented in Ref. 26. The authors
Sec. V). found that, surprisingly, the exchange stiffness of Co seems
It should be noted that the influence of the conductivity onto scale with the near-neighbor coordination which would be
the line position(and other experimental datis not specific ~ expected in a local but not in an itinerant model.
for the Fe-Co alloy system but a general result of the CT. We compare the parameters within the bcc phase. For
The thickness ranges and the strength of the impact, how=eq5:C0g 45, D is significantly larger than for pure Réut
ever, vary for different material parameters. similar to bcc Co. In contrast,g and\ and, e.g., the mag-
With respect to thdine width, it is obvious that CT has to netization and also the lattice paramétare not very differ-
be used when the exchange-conductivity effect can broadegnt forx=0.55 and 1.
the line by more than 100 G as shown in Fig. 3 for the main AssumingT, to scale withD one would expect a smaller
mode @=1500 A). For thin films, however, an analysis difference ofD(x=0.55) andD(x=1) than observed be-
based on the insulator approximation as in Ref. 6 is justifiedcause T (x=0.55)/T (x=1)=1243 K/1184 K=1.05 (i.e.,
At 48.8 GHz, for the 212-A film of Fig. 4, the exchange- only at 5% differenck but, of course, it is difficult to under-
conductivity broadening amounts to only 2 G. stand the value ob in such a simple picture. Here we can
Because of the finite penetration depth of the excitingonly point out some findings which have to be explained by
high-frequency field, it can already be expected intuitivelya more elaborated theoretical approach, e.g., electronic struc-
that theintensitiescannot be properly described by IT. As in ture calculations. A comprehensive analysis of the magnetic
the PC both the ellipticity and the penetration depth of theproperties of the FeCo alloy system and a comparison with
high-frequency field are a function of® and the use of CT theory is in preparatiorf® We note that, for a complete pic-
seems inevitable. ture, also the possibility to prepare FeCo films in the fcc
Under certain conditionfow \ andp, high A, etc) the  phasé’ is of high interest.
electromagnetic waves and spin waves are strongly mixed as Finally, in view of the very popular study df in ultra-
discussed theoretically in Refs. 2,24. Pure Fe was found tthin films (d~ 10 A) using various experimental techniques
be a material with a typical crossover behavior near resowithin the last year$,a comment on the different “meth-
nance in the PC for commonly used frequencies. Withoubds” may be useful as SSWR is also a classical technique
going into details of these effects we would like to point outfor the determination oK (for d~ 1000 A). In each case,
that this also applies to R€o,_, for x at least down to 0.5 the quantity defined in Eq3) is evaluated. However, the
as N is comparably low and the normalized exchange-physical role it is playing in the measurement is not the
conductivity parametér? same, and keeping this in mind is particularly important for
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several older SSWR investigations which yielded extremelyfectively K¢, which is different in experiments on epitaxially
high K values(up to > 10 erg/cnf).? grown 10 A films.

In general, one may considéat least three different situ- We note that for oufthinnep single-crystalline series on
ations: first, SSWR on thick films~ 1000 A), yielding  MgO a value in same range as for SSWR on films on glass is
Ks> 1 erg/ent (in Ref. 2 called “type I” films); second,  obtained from a ploK./d over 18 (K.~ 0.7 erg/cn?).

SSWR on thick films with lowerks (some 0.1 erg/crfy As mentioned in Sec. Ill, the single-crystalline growth of
“type 11" films 2); and third, ultrathin films ¢ 10 A) with  thick films suitable for SSWR is quite difficult, but, thanks to
the frequently applied scaling d{s as an effective volume the ever improving preparation techniques, feasable in some
anisotropyK/d,? yielding also some 0.1 erg/cinthe val-  cases(see, e.g., Ref. 37 The investigation of a single-
ues should be taken only as orders of magnitude and maytystalline series of films grown on the same substrate under
have either sign the very same preparation conditions from about 10 to 1000

As it is well established that the “realintrinsic) Ky in A | i.e., from the regime with ¥ scaling to the SSWR re-
most systems is, in fact, some 0.1 ergfcnthe question gion, would be an interesting and also very precise way to
arises how a much highé¢; could be found for some films determineK.
reported in the literature. The SSWR analysis may indeed
yield this K¢ value but it should not be considered as the
intrinsic K. The origin of K¢ being much higher than 1
erg/cn? is most probably in many cases an imperfect struc- The authors are indebted to V. Drchal, D. Fraitova
ture. An important point is that in usual SSWR analyses thékudrnovsky and A. Shick(Pragug for discussions of theo-
surface anisotropy is treated as an energy located in an infretical aspects. They would also like to thank J. Heise for
nitely thin volume(the surfacgalthough in reality(particu-  preparing the samples as well as J. Pelzl, J. Pflaum, and H.
larly in less perfect structurgshe interactiongor structural ~ Zabel (Bochum for support in various ways. F.S. acknowl-
conditions, e.g., dislocations or strain, roughness,) ete.  edges the hospitality of the Academy of Sciences during his
sponsible for the effective boundary conditions may be nostay in Prague. Financial support from the Grant Agency of
confined to the very first monolayer. For spin waves withthe Czech RepubliProject No. 202/95/0025nd the Deut-
k~1~ 100 A and higher, a rather large volume can be felt asche Forschungsgemeinsché@irand No. SFB 166is ac-
the surface contribution to the boundary conditions, i.e., efknowledged.
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