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Non-Gilbert-type damping of the magnetic relaxation in ultrathin ferromagnets:
Importance of magnon-magnon scattering
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Ferromagnetic resonan@eMR) measured over a large range of frequencies from 1-70 GHz offers a unique
possibility to study the dynamic response of ultrathin ferromagnetic films in the range from nanoseconds to
picoseconds. The linewidth of the FMR signal is commonly believed to follow a linedependence, the
so-called Gilbert damping. Here we give experimental unambiguous evidence that other processes of spin
dynamics such as two-magnon scattering are equally important at interfaces of ferromagnetic to nonmagnetic
nanostructures. The relevance to spin transport and spin injection as well as the agreement with recent theo-
retical proposals are discussed.
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The physics of magnetism in ultrathin films and in multi- 1 oM IM
layers formed from such ultrathin films has proved fascinat- — =~ (MXHgp) + —5 [ MX—/, D

ing, since one encounters diverse new phenomena not y dt YMs at

present in bulk magnetic materials. For example, ultrathin ) ) ) )
films are realizations of two-dimensional magnetic matterHere the first term describes the precession of the magneti-
and in fact by Varying their thickness, one may follow the zation in the effective fields with Origin in several sources,
transition from two- to three-dimensional magnetismin  including the externally applied Zeeman field, anisotropy
multilayers, oscillatory exchange coupling between neighfields, and exchange fields in circumstances where the mag-
boring films, very weak in strength compared to interatomicnetization being excited is spatially non-uniform. In addition,
exchange in bulk materials, allows one to fabricate spirthe microwave field of frequency/27 applied in FMR is
valves whose state is altered in very weak external fields,included here. The data reported here show that even for
and exotic magnetic phases in more extended superlatticgnall amplitude spin motions about the equilibrium orienta-
structures, also induced by modest applied fil@sirther-  tion, this widely used phenomenological form fails to de-
more in the spin dynamics of ultrathin structures, one enscribe the response of the spin system. The second term in
counters novel physics. In particular, new mechanisms ofq. (1) describes damping of the spin motions and leads to
spin damping have been observed which are intimately rege |inewidths observed in FMR experiments. This term and
lated to the ultrathin film character of the samples. its implications are the focus of the present Rapid Commu-

Two new mechanisms have been the topic of recent disjcation, and the data we show illustrate clearly that it fails

Cussion concerning th‘? damplngl at interfaces of ferromagt-o describe the linewidths we observe in our measurements,
netic (F) to nonmagneti¢N) materials:

(i) The two-magnon mechanism, with origin in surface orWhiCh are the firsF o be_pre_sented over a v_vide range of
interface defectd ' frequencies. The time-derivativéM/dt in the Gilbert term

(i) The transfer of angular momentum from the precess_produces a FMR linewidth linear in the resonance frequency

ing magnetization excited, say in ferromagnetic resonancé”
(FMR) experiments, to the conduction electrons in these me-
tallic films.® .. 9C
. . . AHG”b(w)—l.lG—. (2)

As a consequence the magnetization acts as a spin pump. Y*M
Hence, the angular momentum so transferred is transported
out of the film, or otherwise dissipated. The notion that the linewidth scales linearly in frequency is

In both bulk materials and in ultrathin films, for many employed very widely in the literature. It is also the case that
decades and throughout the basic and applied literature dhe “spin pumping” mechanisms discussed recently in Ref. 6
magnetization dynamics motions of the magnetization arelso were shown to lead to a linear variation of the linewidth
described through use of the classical Landau-Lifshitzwith frequency and thus these effects can be incorporated
Gilbert equation, written 8¢ into an effective Gilbert-damping consta@Gt However, in
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ultrathin films, while a linear variation is reported commonly,
the linewidth fails to extrapolate to zero with vanishing fre-

quency. This has led to the concept of a “zero-field line- | =
width” AH, which should be added to E).° Its origin is
assumed to reside in inhomogeneous broadening of the FMR
line. The focus of the present Rapid Communication is there-
fore to question the proportionality of the linewidth to the
driving frequencyw. We will give an experimental evidence
here that other damping processes in ultrathin films lead to 0
striking and qualitative deviations from the linear frequency 0
dependence provided when the Gilbert-damping term only is

operative. The frequency dependence found for the new con- gy, 1. schematical diagram for the frequency dependence of a

tribution, as well as a strong fourfold in-plane anisotropy arermR linewidth. The relevant frequency ranges from 1-80 GHz.
compatible with the two-magnon mechanism. Our data thefor the indicated linewidtiAH ranging from 50 to a few 100 Oe

raise a most important question: What is the structure of thepical FMR parameters were used. Dashed line corresponds to Eq.
appropriate phenomenology to describe the magnetizatiogp), dotted to Eq(3), and thick solid line to Eq(4). The thin solid
dynamics in ultrathin ferromagnetic films? A possible alter-line indicates one possible tangent leading to an apparent zero-
native is the Bloembergen ansitwhere separate longitudi- frequency linewidthAH} .

nal and transverse relaxation times are used to model the

leakage ofM, and scat_terin_g processes which lead to theusing a frequency range of 1-70 GHz, and we find that the
decay ofM, . We note in this regard that two-magnon SCa yata are accounted for very well by combining intrinsic

tering is a dephasing proc@sshich leavesM, unaffected. O(}Iamping of the Gilbert form with the prediction of two-

The issue we raise is important for both the understanding Jnagnon theory. We illustrate the issues schematically in Fig.

:Egtti)gcstl)crp%rgféczu%fhufli'ilr’ﬁg.un film systems, and for device 1. The dashed line shows the Gilbert damping and its linear

The two-magnon mechanism mentioned above predictgequeqcy dependence. In earlier discussions, the slope was
that the linewidth does not vary linearly with frequency, put determined from measurements at only two or three frequen-

saturates at high frequenihe result in Ref. 5 may be cast Cies, typically in the 10-36 GHz range. The dotted line is a

200 1

- ’AH“ only

nhomogeneous broadenin
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into the form simulation from Eq.(3) only. In the solid line, we combine
the relaxation processes. Clearly, measurements at low fre-
- [ 02+ (0g/2)2]Y2— w2 quency, 1-9 GHZ, are re_quir_ed to determ_ine the Iqw-
AHjmad @) =T sin 5 12 , 3 frequency behavior of the linewidth. Assembling the entire
[0+ (wo/2)7 ]+ wol2

picture also requires measurements at high frequencies,
where wy= y(2K,, —47MJ), K,, being the uniaxial an- above 50 GHz. Of course there may be also inhomogeneous

isotropy constant ani¥l the saturation magnetization. One broadening preserihatched argawhich will manifest itself
sees thatAH,,,{ w) vanishes linearly with frequency, but as a zero field linewidtlAH,. There is no spatial resolution
exhibits substantial deviations from linear behavior in thein FMR, and the length scales relevant to the measurement
FMR frequency range, for typical parameters. The mechaare macroscopic, so inhomogeneities in magnetization or an-
nism is operative because there are short-wavelength maigotropy fields will appear as an apparent frequency indepen-
nons degenerate with the uniform mode excited in FMRdent contribution to the linewidth. Note in Fig. 1 that mea-
regarded as a zero-wave-vector magnon. Defects at intesurements performed over a limited frequency range could
faces can then scatter energy from the FMR mode to thée fitted by a linear function. We illustrate this by the thin
degenerate short-wavelength modes. For ultrathin films thgolid line, tangent to the full curve. Extrapolation of this to
dipolar energy in a ferromagnet produces a term in the diszero frequency produces a fictitious “zero field linewidth”
persion relationlinear in the wave vector with negative AHg very much larger than its actual value. It is the case
slope. This is added to the conventional term of exchangéhat inferences on the physics of the linewidth in such cir-
interaction with gpositive quadratiderm in the wave vector, cumstances can lead to erroneous conclusions, with an incor-
and results in the degeneracy just mentioned. Two-magnorect overestimate of the relaxation.
scattering has also been discussed before by Patton and To give evidence for more complicated magnetization dy-
co-workers! as well as by Heinrich and co-authdfsHow-  namics and relaxation mechanisms N interfaces in
ever, most of the previous work, in particular concerningnanostructures we have chosen,R&,(001) superlattices
ultrathin magnetic multilayers, was always based on the agSL's) which can be pseudomorphically grown on MgO(001)
sumption of a Gilbert-like w-proportional damping leading to a high structural as well as magnetic homogeneity.
constant? Various groups have used, prepared, and analyzed these Fe/
To distinguish between a linear forAr Bw fitted to data  V-SL's on MgO13~*®*Magnetization and FMR measurements
taken over a limited frequency range and the expression ddrave been also performed so tigatalue, saturation magne-
rived in Ref. 5, one requires data over a very wide range ofization, and anisotropy constants up to fourth order are well
frequencies. In this Rapid Communication we report thedetermined in this systeft:}’ The present experiments were
measurements of FMR linewidths in ultrathin film samplesperformed partly at FUB and the Czech Academy of Sci-
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FIG. 2. Typical FMR spectra measured at four different frequen- 0 0 m/zf?(GHz) 60 80
cies at room temperature for (F8&/,),5 (solid lines and
(Feu /1V,) g0 (dotted lines. The external fieldd, was oriented along FIG. 3. Linewidth as a function of the microwave frequency
the[110] direction being the hard in-plane axis. wl27 measured at room temperature for frequencies in the range

1-70 GHz. The squares indicate the {Pé,)so SL, the circles

) . . denote the (Fg'V,) 45 SL. The open symbols indicate the case with
ences at a fixed temperature $-296 K using different the external field parallel to tHel10] direction, whereas the filled

FMR setups with frequencies from 1-70 GHz. Two particu- , : ;
lar samp_lgs (FEV,) o and (Fg/V.) s Were chosen having tstz/(;n[blcél(s)] sdt;?ev:/:tggﬁ.behavmr for the external field applied parallel to
60 repetitions of 4 ML(ML, monolayers Fe and 2 ML V
and 45 repetitions with 4 ML V, respectively. For both . . _ .
samples the easy axis of the magnetization lies in the ﬁln%he film plane arg=2.13 forFq/V andg=2.11in the cgse
plane. This is the important case for which the spin motion of°f F&/V2. The only open fit parameters were the Gilbert
the Fe ferromagnet creates spin dynamics in the nonmagnetfo"stantG [Eq. (2)] and the new two-magnon scattering
metal(here \J as discussed in the introduction. Commonly atStrengthI" [Eq. (3)] plus a hypothetically inhomogeneous
aF-N interface there is also a magnetic moment induced ifProadeningAH,. The latter turned out to be within experi-
the N metal (e.g., Ref. 18 Unfortunately, in some of the Mental error bars zerdHo=*2 Oe, proving again the high
literature dealing with transport mechanism and spin injecAuality of our samples. We will come back later to the ap-
tion it is not mentioned. Both samples present a fourfoldParentAHg . I and G are given in Table I. Several results
anisotropy within the film plane, the100]([110]) being the can be deduced from the table.
easy(hard in-plane direction and therefore we will present (i) The linear Gilbert-damping constad results very
FMR results for these two principal directions, ilj[100] ~ close to the bulk value. This is by no means obvious since
and[110], respectively. we have_ use_:ds as a free fit parameter to be optimized. For
Figure 2 shows some experimental spectra. Due to e G varies in the literature almostlg)y a factor of 2, ranging
larger fourfold in-plane anisotropy of the F&/, SL the rom 0.58<10° s™* to 1.3x10° s™%. _
resonance positions of the two samples are slightly (i) The new two-magnon process consthris larger for
different!**” The full resonance profiles as shown in Fig. 2 the F@/V, sample by a factor 2 to 3 than for the /¥,
are analyzed. They show a perfect Lorentzian prafilst ~ Sample. _ o
derivativedy”/dH). Nevertheless, we allow for our analysis (i) For both samplek is larger along th¢100] direction

of AH a sum of inhomogeneoudH, and homogeneous With respect to th¢110] direction. This is well understand-
contributionsAHgip+ AH mag, able because previous structural investigations by means of

x-ray diffraction (XRD) have proven that the interface is

smoother for the FgV, sample and rougher for the F&/,
AH=AHo+AHgip+ AHomag (4 specimen, approximately by a factor of 2 to 3. Also the four-

fold in-plane anisotropy of the FéV, sample is larger and

The experimental result is shown in Fig. 3. Circles denotethls shows a larger value df.

the Fa/V, sample and squares the J#f¢, sample. It is This large fourfold in-plane anisotropy follows from an
obviously clear that the K&V, sample shows a larger line- extension of the discussion in Ref. 5, provided we accept the

width, but here it is important to measure down to 1 GHz topicture of interface defects set forth there: on the statistical

see the strong curvature in the datapoints and that at 1 GHeverage, these are rectangular islands with sides parallel, on

indeed the linewidth is very narrow, namely 30 Oe indicating
again a high sample quality. It is also obvious at first glanc
that for both samples the full symbols measured along th
[100] direction show a larger linewidth than open symbols
measured along th¢110] direction. In one cas€open

TABLE I. Values forI" and G for the two Fe/V SL's along the
100] and[110] directions.

Sample Orientation T (Og G(10° s 1)

circles data show an almost linear behavi@ilbert damp-  Fe,/V, H|[100] 110 1.25
ing is dominant Quantitative systematic fits of the whole Fe, /v, H||[100] 61 0.90
dataset leave almost no free parameters to play with: saturge, /v, H|[110] 49 0.92
tion magnetization was known to ¢ ,=925 G for Fg/V, Fe,/V, H|[110] 11 1.15

andM¢=1115 G for Fg/V,. Theg values being isotropic in
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average, t¢100] directions, as illustrated in Fig. 3 of Ref. 5. and 30 GHz, Fig. 1 illustrates clearly that this results in a
Suppose we now imagine that the magnetization makes amonreal residual linewidtAHg .

angle ® with respect to[100] and note that the dominant  In summary, clear experimental evidence is given that the
contribution to the linewidth in Eq92) of Ref. 5 is propor- linewidth o_f the FMR in ultrathin fer_romagnetic_interfaces is

tional to the defect form-factor combinatiof,¢- ). While ~ not exclusively controlled by the Gilbert damping. The suc-
only the casé® =0 is examined in Ref. 5, extension of the cessful phenomenological ansatz of the Gilbert damping in
calculation to generdaP shows that this form-factor combi- bulk ferromagnets can be seen as a “viscosity type” of

; . . damping in which the energy stored in the spin dynamics
nation has the angular variation co8(2 If the dominant |65k into the thermal bath via spin-orbit interactfrFor

term only is retained in the linewidth, and the defects are,jtrathin F-N interfaces we show that it is equally important
indeed rectangular as in the idealized picture in Ref. 5, thefo take into consideration the so-called two-magnon scatter-
the two-magnon contribution to the linewidth will have the ing at which the energy stored in the uniform motion\of
angular dependence co&(¥, to actually vanish along the scatters into spinwav&sof equal energy withk+0.% De-
[110] direction. Of course, in any real sample, the defectgpending on interface roughness and in-plane anisotropy field
will not have such a simple topology, so the angular variatiorfhe two-magnon processes can easily reach scattering rates of
will be less dramatic. However, the mechanism will lead to al0° S~ *. Our experimental results in Fig. 3 having large and
fourfold in-plane anisotropy, and if the interface defects areSMall contributions of the second type, respectively, demon-
oriented predominantly alongL00], there will indeed be a State nicely that by manipulating tie-N interfaces on an
fourfold anisotropy as we observe. atomic scale one rmght get into a position to chapge the spin
To visualize the essential importance of measurement amping and Spin injection for currents perpendicular to the
over a largaw range we refer to our previous investigation of ayer structure with the magnetization in-plane.
FMR linewidths?®® There we measured only the low-  P. Blomquist and R. Wapling are acknowledged for pro-
frequency range and assumed like standard literature a linegiding the samples and the XRD data. Fruitful discussions
Gilbert damping. As a result one gets too large appa@&nt with B. Heinrich are acknowledged. This work was sup-
values. In the other limit, if one measures only between 1(orted by the DFG Sfb290, TP A2.
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