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Soft-x-ray small-angle scattering as a sensitive probe of magnetic and charge heterogeneity
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Cobalt 2p resonant scattering from Co/Pt multilayers with perpendicular anisotropy results from magnetic
and chemical heterogeneity having very different length scales. Magnetic and chemical scattering result from
domains and the crystalline grain structure, respectively, as confirmed by field-dependent scattering and by
imaging using magnetic x-ray and atomic force microscopy. Magnetic and charge scattering have distinct
energy spectra that are quantitatively modeled using measured Co scattering factors. Domain and chemical
correlations remain uncoupled throughout the reversal process.
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Fluctuations or heterogeneity in magnetizatibh are  with perpendicular magnetic anisotropies exceeding the thin-
ubiquitous in temperature- and field-dependent phasélm dipolar energies. These films exhibit little resistance to
transitions: and are often associated with static or quasistatithe nucleation of randomly oriented reverse domains. These
magnetization distributions in the form of remnant domainsdomains, imaged at normal incidence using a transmission
and their walls. Length scales of interest lrheterogeneity  x-ray microscop& with Co magnetic circular dichroism
range from interatomic exchange lengths to many micronsgontrast, are shown as the inset in Figa)land form the
with exchange stiffness lengths in the 6-20 nm range detemagnetic fluctuations of interest here. Scattering measure-
mining common length scales over whidh variation is ments were made at the Advanced Light Source on linearly
expected in otherwise homogeneous material. Many techand elliptically polarizing undulator beamlines using linear
nigues measure the average magnetization in volumegolarization except as noted. The symmetric transmission
probed experimentally, but few can resolve its spatial distri-
bution over 1-200 nm length scales. Neutron scattering has
been the tool of choice to study magnetic structure and fluc-
tuations even in thin film&3* Emerging soft-x-ray resonant
scattering techniques are also sensitive to structurl! ih
Resonant specular and off-specular reflectivity measure-
ments have demonstrated sensitivity to magnetic structure in
films imposed by chemical heterogeneity in sifigler
multilayer’® films or by roughness at interfaced and to i
regular arrays of stripe domaifs'? Traditional small-angle 100 L
scattering(SAS at soft-x-ray core resonances has observed E
nanoscale chemical heterogeneity in alloy fifis.
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This report demonstrates that resonant soft-x-ray scatter- 107 ¢

ing from magnetic heterogeneity can be orders of magnitude A

stronger than resonant charge scattering in otherwise tradi- - 10°

tional SAS measurements. Magnetic and charge scattering g :

are resolved through characteristic scattering vector, applied S 10 1444

field, and spectral dependences. While microscopy tech- G ; A

nigues confirm these determinations of magnetic and charge E 10* = o T q K

sources of scattering for the samples studied, this comple- : \1/

ment of resonant scattering techniques yields information not 10° ¢ ﬂ

readily obtainable from conventional microscopy or neutron E R P e S

scattering methods. 0.001 0.01 0.1
Co/Pt multilayers having perpendicular magnetic anisot- "

ropy provide ideal samples to study SAS from magnetic het- g (A%

ero_genelty in the form of domains. The two_samples de- FIG. 1. (&) g-resolved SAS at remanance and saturation for
scribed here were grown by magnetron sputtering in 3 mTorEampIeA, with 4X4 micron image of remnant stripe domaiiis-

Ar onto amorphous SiN(160 nm membrane substrates t0 ey The scaled PSD of the domain contrast is plottédl similar
have nominal structure 0nm/[Co(tcd)/  SAS data for samplB, with PSDs from its domain image and from
Pt(tp)]soPt3 nm). SampleA was grown at 250 °C withic,  jts AFM surface height image. The symmetric transmission geom-
=0.4nm andp=0.7 nm, while sampl® was grown at am- etry (inse with scattering vectoq defined by incident and scat-
bient temperature withc,=0.6 nm andtpi=0.4nm. These tered wave vector&, and k;. The longitudinal resolution if\q
growth conditions yield relatively smooth multilayer films =0.002 A%,
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scattering geometrjfFig. 1(b), insefl was used to constrain
the scattering vectay=ky—Kk; in the film plane to optimize
coupling to the magnetic structure. This geometry also
avoids a varying-depth sensitivity witly (Ref. 15 and
distorted-wave effects associated with diffuse scattering near
the specular beam and the critical angle for total
reflection®16

Strong SAS is observed ig scans from each sample as
seen in Fig. 1. Data were collected at the maximum in the Co
L, resonancesee beloy, either in a saturating fieldH
=1.1T) normal to the sample surface or near remanance
[H=0, Fig. 1@, andH=0.1T, Fig. 1b)]. The data are nor-
malized to the absolute differential scattering cross section
do(q)/dQ given by the scattered flux per solid angle per
sample volume normalized by the incident flux. Tdhecans
near remanance show a strong pealkqat0.0027 A1 for
sampleA and a somewhat weaker and broader peak] at
=0.0042 A~! for sampleB. The intensity in each peak is
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suppressed by orders of magnitude when the samples are H(T)
saturated, clear evidence that they result primarily from mag-
netic scattering. The power spectral dendiBSD of the FIG. 2. (a) Faraday rotation hysteresis loop measuresater-

domains in Fig. (a), obtained from the image as the squareage Co magnetization in the illuminated volume of sample(B.
of its Fourier transform, is scaled and plotted to confirm thesas hysteresis loop fog=0.0042 A~* measuresieviations from
magnetic origin of this peak for sampke The PSD from a  averagemagnetization resulting from the domains that mediate the
similar x-ray domain image also confirms the magnetic ori-reversal. Vertical lines atly, Hp, andHg are guides to the eye.
gin of the low¢q peak for sampl@ in Fig. 1(b). The average
spacing between domains is estimated from'@,.,as 230  local magnetization. Three distinct polarization dependences
and 150 nm for sampleS andB, respectively, with sampl&  accompany the complex chargé ), first-order magnetic
exhibiting a narrower, more intense peak than sarBpleon-  (f,;), and second-order magnetit;,£) amplitudes, each of
sistent with a sharper domain size distribution. The resonanthich is defined in terms of different linear combinations of
scattering cross sections at the magnetic peaks are many ahe spherical harmonics describing the @ 3d dipole tran-
ders of magnitude larger than typically found in magneticsition matrix elements. The scattering observed here is in the
neutron SAS near-forward(z) direction, and the domains hava also
The scattering at saturation shows two distinct featuresalongz, maximizing sensitivity tof ;. Sincef, is gener-
each is predominantly chemical, not magnetic, in origin. Forally small compared td ., (Ref. 15 and is further reduced
each sample the intensity first decreases and then increasgg the geometry used,.=f.*f,,. Magnetic SAS using
with increasingg. The distinct peak for sampl® at g linear polarization, like Faraday and Kerr rotation, is under-
=0.031 A" corresponds to a 20-nm spacing. The PSD of itsstood in terms of these different scattering amplitudes for the
surface height as determined by atomic force microscopypposite helicity circular components that form the linearly
(AFM) is scaled and plotted in Fig.(d). The AFM image polarized beam. Interference between charge and magnetic
shows features typical of a polycrystalline film, with the amplituded® has been of interest in specular and off-specular
20-nm spacing characterizing the height fluctuations of adjascattering from magnetic filns.
cent columnar grains. This peak thus originates the granular The field dependence of the SAS complements not only
structure of the polycrystalline film. The increase in scatter-ts q dependence, but also the averddéH) loop, as seen
ing to low q shows some differences between the twofor sampleB in Fig. 2. The average Co magnetization is
samples, but is also observed in uncoated,Sifémbranes, displayed in Fig. 23) as a hysteresis loop measured by the
suggesting that this scattering originates from the substrateFaraday rotation of x rays in transmission tuned just below
The distinct differences in scattering for each sample neathe Col line. The shape of this loop is identical to that
remanance and at saturation, and the differences between theeasured by polar magneto-optic Kerr effect in the visible. A
samples, reveal that the SAS is sensitive both to chemicalegative nucleation fieltiy and small remanance and coer-
and magnetic structure within the films over length scales otive field H. characterizevl (H) normal to the sample, re-
2-300 nm. vealing little resistance to domain formation. The SAS loop
The Co atomic scattering factde(hv) describes mag- measured aj=0.0042 A~ ! is shown in Fig. 2b) and results
netic and charge scattering. Including resonant charge arflom deviations from the averagmagnetization that occur

magnetic and nonresonant charge contributidns, during reversal. From negative saturation, scattering com-
s . " mences to increase By by orders of magnitude to a maxi-
f=(ef -ep)fc+i(€ Xep) mfy+ (€ -m)(egm)fmy, mum and falls back to the saturation levelH. HereH,

wheree, ande; are polarization vectors of incident and scat- andHg coincide with the onset and saturation of reversal as
tered x rays andn is a unit vector in the direction of the measured in the Faraday rotation loop and signal the initial
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nucleation and final annihilation of the domains that mediate e 3
reversal® and whose scattering is directly measured. The @) + helicity, ‘ V
shape of the SAS loop measures the amplitude variation of [ f. T \\ ¢ /j T ]
M during reversal at the in-plane frequergyThe maximum g =0.0042 A _heliciw" B R 1

scattering occurs at the peak figtgh=0.1 T, which is larger
thanH: and does not correlate with any feature in the aver-
ageM (H) loop. H¢ is the field of zero neM along the film
normal, whileHp is the field for maximum amplitude varia-
tion. The difference betweed, andH: implies either that
some fraction oM is oriented away from the film normal at 0.020 -
Hc (and ) or that the average domain spacing depends on
H, or both. However, measured SAS loops out to the chemi-
cal peak atj=0.031 A~ show no significant change iHp

or the loop shapes. The former situation would arise from
domain walls or closure domains having non-nornhél

components, suggesting thdt is shifted fromH towards 8'882 |
the remnant coercivity where half of the sample has switched ’
irreversibly. This frequency-dependent information on the
evolution of magnetic disorder with field is difficult to obtain
using other techniques and is clearly important in under-
standing reversal processes.

There is no doubt about the magnetic and charge origins
of scattering for the samples studied here, largely because of
their very differentq and H dependences. In general,
samples may not so readily yield this information, especially
when the length scales of magnetic and charge heterogeneity
are more equal. Thus it is important to have other means to
determine whether measured scattering originates from
magnetic-magnetic, charge-charge, or charge-magnetic inter- FIG. 3. Measured SASlspect.ra at saturation and Q.l T measured
ference. The spectral dependence of the scattering, in codt 4=0.0042 and 0.031 A are in(a) and (b), respectively. Real
junction with modeling, provides a general means to analyz&nd imaginary parts of measured chardeg) (and magnetic f)
this problem. scattering facj[org are ift) and are used to model the spectrdan

Spectral scans for sampRat q=0.0042 and 0.031 Al and (b) as solid lines(see the text for details
are shown in Figs. (& and 3b), respectively. Each panel
shows spectra at saturation andHg. At q=0.0042 A"1
large peaks are observed at the CpandL, lines atHp
when domains are present and are entirely suppressed
saturation. Atq=0.031 A"! resonant features are observed
at both saturation andHp. The resonant shapes are quite ; ; 2"
different at the highg peak, each exhibiting bipolar character 21d magnetic-charge interference terms are explicitsthe
with that atHp more intense near the, andL, lines. The contain all _structurgl information, and’ a; contain allf,
weaker overall resonant variation at the highethan the o andm information. Only _these latter terms are needed
lowerq peak is consistent with scattering from elementst© calculate SAS spectra. Since pure circular components
other than Co at this charge peak. Knowledge of the cgcatter only into the same helicity for both magnetic and
scattering factor§. = f.= ., is essential to model the spec- charge amplitudes, the scattering from ea_ch_hellcny is calcu-
tra in Figs. 3a) and 3b). These were obtained from normal- lated separat_ely_. Model spectr_a are _multlphed by the mea-
incidence transmission absorption measurements using circ§Ureéd transmission for comparison with measured spectra.
lar polarization and reversing the helicity or the direction of ~The pure magnetic amplitude for each helicity from op-
saturatedM . The measured quantities are the imaginary part®0Sitely magnetized domains is given kgp=f,—f_
of f,=f.+fm andf_=f.—f,,, from which the real parts =2 f1 as shown schematically in Fig(é8 (inse). Only the

are obtained by Kramers-Kronig transformation to determindlifference in the magnetic part 6¢, contributes to this am-
f. andf, in Fig. 3(c). plitude, since any Co and Pt charge scattering does not vary

Modeling SAS spectra proceeds by positing a specifi@Cross domain boundaries. The intensity spectrum from pure
scattering mechanism, calculating its spectrum, comparinf§la@gnetic scattering, proportional @fa,, is scaled and
with measurement, and iterating to self-consistency. Assunilotted together with a pure charge background in Fig) 3
ing multiple-scattering sources, the general amplitudd is to show excellent agreement with the spectra measured at

=Ya;s;, where the sum is over each souree, is its Hp. The pure charge backgroundee below is plotted
[ alone and shows good agreement with the saturated

strength, ands; describes its spatial distribution. Two scattering.

I 5 (arb. units)

I .5 (arb. units)

Jo» ot (electrons)

sources, corresponding to the magnesig) and charged.)
scattering represented by the PSDs in Fidp),lare assumed
rzlﬁ‘re, yielding intensity in the single-scattering approxima-
tion  proportional to A*A=ajya.Sm_mtasacSc—c

+2 Rda}a.ls,_ .. Here magnetic-magnetic, charge-charge,
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Many possibilities exist to model the charge amplitude.origin of scattering. Whiles-to-p scattering is sometimes
From AFM data a reasonable model assumes that surfasesed to identify magnetic scattering, simply the propagation
roughness is the source of charge scattering and is model@d incident or scattered radiation through magnetized regions
with scattering contrast given by the difference betweerproduces just such a rotation of polarization. This spectral
some linear combination of Co and Pt scattering factors anéechnique may thus provide the most reliable general means
vacuum. Iterative modeling leads &= fqo .+ 3fp for the 10 resolve magnetic from charge scattering and identifying
charge amplitude that closely fits the saturated scattering df€ir sources. _ _ "
q=0.031A~! as in Fig. 3b). This combination of Co and Pt In summary, these results reveal an impressive sensitivity
scattering is reasonable, considering that the multilayer hasQ "esonant soft-x-ray SAS to both magnetic and charge het-
Pt cap layer. Tabulated valfésare used forfp, whose erogeneity at length scales from 300 down to 10 nm, with

slowly varying but significant real and imaginary parts arestralghyforward extension down to roughly 1 nm n back-
scattering geometry. The strong resonant cross sections yield

key in obtaining the correct shape of the Co resonant fea-. h vty f ft dt X SAS
tures. Models using amplitude contrast between just Co ar?[‘ll'g er sensiivity for soft-x-ray compared 1o neutron :
he simultaneous sensitivity to magnetic and chemical het-

either vacuum or Pt were unable to fit the spectra. A pure ) . .

magnetic contribution is added to this pure charge contripu€rogeneity through .bOth field and spectral variation, together

tion (in 5:4 ratio to model the highy spectra measured at with spatial sensitivity down to the nm scale, provides infor-

Ho=0 1.|'. in Fig. 3b). The spectral shape of the cross termmation unattainable through conventional microscopy tech-
p— V. . .

Rea*a,] using these models fa,, anda, is distinctly dif- nigues. These techniques consistently show that magnetiza-

ferent from the pure magnetic and charge spectra, and dotIon and grain cqrrelat|on lengths remain .uncoupled.
not agree with any of the measured spectra or imprbve the f| rqughout reversal in 'ghe samples stqd|ed. Con_tmued a_pph-
when added to these other contributions. This is not surpris-atlon of these technlques will provide new mformatlon

. . , ' . about the magnetic structure and reversal in films with per-
ing given the well-separated PSD’s of domains and rough-

ness for this sampléhe average domain size is 10 times thependicular anisotropy and about nanoscale magnetic and
S piEne g * o . chemical structure and phase transitions in a broad range of
grain sizé. As seen in Fig. &), only a;a,, exhibits strictly

.. ) ! ; samples.
positive resonant features sinldeg,;| remains nonzero in the
resonant region, whiléf.| has sharp minima that are re- Work at LBNL was supported by the Director, Office of
lated to the general bipolar characterapf. These character- Energy Research, Office of Basic Energy Sciences, Materials

istic spectral shapes aid in making this modeling approach 8ciences Division, of the U.S. Department of Energy under
valuable technique to determine the charge or magnetiContract No. DE-AC03-76SF00098.
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