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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 magnetizationM are
ubiquitous in temperature- and field-dependent ph
transitions,1 and are often associated with static or quasist
magnetization distributions in the form of remnant doma
and their walls. Length scales of interest forM heterogeneity
range from interatomic exchange lengths to many micro
with exchange stiffness lengths in the 6–20 nm range de
mining common length scales over whichM variation is
expected in otherwise homogeneous material. Many te
niques measure the average magnetization in volu
probed experimentally, but few can resolve its spatial dis
bution over 1–200 nm length scales. Neutron scattering
been the tool of choice to study magnetic structure and fl
tuations even in thin films.2,3,4 Emerging soft-x-ray resonan
scattering techniques are also sensitive to structure inM .5

Resonant specular and off-specular reflectivity meas
ments have demonstrated sensitivity to magnetic structur
films imposed by chemical heterogeneity in single6 or
multilayer7,8 films or by roughness at interfaces9,10 and to
regular arrays of stripe domains.11,12 Traditional small-angle
scattering~SAS! at soft-x-ray core resonances has obser
nanoscale chemical heterogeneity in alloy films.13

This report demonstrates that resonant soft-x-ray sca
ing from magnetic heterogeneity can be orders of magnit
stronger than resonant charge scattering in otherwise tr
tional SAS measurements. Magnetic and charge scatte
are resolved through characteristic scattering vector, app
field, and spectral dependences. While microscopy te
niques confirm these determinations of magnetic and ch
sources of scattering for the samples studied, this com
ment of resonant scattering techniques yields information
readily obtainable from conventional microscopy or neutr
scattering methods.

Co/Pt multilayers having perpendicular magnetic anis
ropy provide ideal samples to study SAS from magnetic h
erogeneity in the form of domains. The two samples
scribed here were grown by magnetron sputtering in 3 mT
Ar onto amorphous SiNx ~160 nm! membrane substrates t
have nominal structure Pt~20 nm!/@Co(tCo)/
Pt(tPt)] 50Pt~3 nm!. SampleA was grown at 250 °C withtCo
50.4 nm andtPt50.7 nm, while sampleB was grown at am-
bient temperature withtCo50.6 nm andtPt50.4 nm. These
growth conditions yield relatively smooth multilayer film
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with perpendicular magnetic anisotropies exceeding the t
film dipolar energies. These films exhibit little resistance
the nucleation of randomly oriented reverse domains. Th
domains, imaged at normal incidence using a transmiss
x-ray microscope14 with Co magnetic circular dichroism
contrast, are shown as the inset in Fig. 1~a! and form the
magnetic fluctuations of interest here. Scattering meas
ments were made at the Advanced Light Source on line
and elliptically polarizing undulator beamlines using line
polarization except as noted. The symmetric transmiss

FIG. 1. ~a! q-resolved SAS at remanance and saturation
sampleA, with 434 micron image of remnant stripe domains~in-
set!. The scaled PSD of the domain contrast is plotted.~b! similar
SAS data for sampleB, with PSDs from its domain image and from
its AFM surface height image. The symmetric transmission geo
etry ~inset! with scattering vectorq defined by incident and scat
tered wave vectorsk0 and kf. The longitudinal resolution isDq
50.002 Å21.
©2001 The American Physical Society01-1
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BRIEF REPORTS PHYSICAL REVIEW B 64 092401
scattering geometry@Fig. 1~b!, inset# was used to constrain
the scattering vectorq5k02k f in the film plane to optimize
coupling to the magnetic structure. This geometry a
avoids a varying-depth sensitivity withq ~Ref. 15! and
distorted-wave effects associated with diffuse scattering n
the specular beam and the critical angle for to
reflection.15,16

Strong SAS is observed inq scans from each sample a
seen in Fig. 1. Data were collected at the maximum in the
L3 resonance~see below!, either in a saturating field (H
51.1 T) normal to the sample surface or near remana
@H50, Fig. 1~a!, andH50.1 T, Fig. 1~b!#. The data are nor-
malized to the absolute differential scattering cross sec
ds(q)/dV given by the scattered flux per solid angle p
sample volume normalized by the incident flux. Theq scans
near remanance show a strong peak atq50.0027 Å21 for
sampleA and a somewhat weaker and broader peak aq
50.0042 Å21 for sampleB. The intensity in each peak i
suppressed by orders of magnitude when the samples
saturated, clear evidence that they result primarily from m
netic scattering. The power spectral density~PSD! of the
domains in Fig. 1~a!, obtained from the image as the squa
of its Fourier transform, is scaled and plotted to confirm
magnetic origin of this peak for sampleA. The PSD from a
similar x-ray domain image also confirms the magnetic o
gin of the low-q peak for sampleB in Fig. 1~b!. The average
spacing between domains is estimated from 2p/qpeakas 230
and 150 nm for samplesA andB, respectively, with sampleA
exhibiting a narrower, more intense peak than sampleB, con-
sistent with a sharper domain size distribution. The reson
scattering cross sections at the magnetic peaks are man
ders of magnitude larger than typically found in magne
neutron SAS.4

The scattering at saturation shows two distinct featu
each is predominantly chemical, not magnetic, in origin. F
each sample the intensity first decreases and then incre
with increasingq. The distinct peak for sampleB at q
50.031 Å21 corresponds to a 20-nm spacing. The PSD of
surface height as determined by atomic force microsc
~AFM! is scaled and plotted in Fig. 1~b!. The AFM image
shows features typical of a polycrystalline film, with th
20-nm spacing characterizing the height fluctuations of a
cent columnar grains. This peak thus originates the gran
structure of the polycrystalline film. The increase in scatt
ing to low q shows some differences between the t
samples, but is also observed in uncoated SiNx membranes,
suggesting that this scattering originates from the substra
The distinct differences in scattering for each sample n
remanance and at saturation, and the differences betwee
samples, reveal that the SAS is sensitive both to chem
and magnetic structure within the films over length scales
2–300 nm.

The Co atomic scattering factorf Co(hn) describes mag-
netic and charge scattering. Including resonant charge
magnetic and nonresonant charge contributions,17

f 5~ef* "e0! f c1 i ~ef*Ãe0!"mf m11~ef* "m!~e0"m! f m2 ,

wheree0 andef are polarization vectors of incident and sca
tered x rays andm is a unit vector in the direction of the
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local magnetization. Three distinct polarization dependen
accompany the complex charge (f c), first-order magnetic
( f m1), and second-order magnetic (f m2) amplitudes, each of
which is defined in terms of different linear combinations
the spherical harmonics describing the 2p to 3d dipole tran-
sition matrix elements. The scattering observed here is in
near-forward~z! direction, and the domains havem also
along z, maximizing sensitivity tof m1 . Since f m2 is gener-
ally small compared tof m1 ~Ref. 15! and is further reduced
by the geometry used,f 6> f c6 f m1 . Magnetic SAS using
linear polarization, like Faraday and Kerr rotation, is und
stood in terms of these different scattering amplitudes for
opposite helicity circular components that form the linea
polarized beam. Interference between charge and magn
amplitudes18 has been of interest in specular and off-specu
scattering from magnetic films.19

The field dependence of the SAS complements not o
its q dependence, but also the averageM (H) loop, as seen
for sampleB in Fig. 2. The average Co magnetization
displayed in Fig. 2~a! as a hysteresis loop measured by t
Faraday rotation of x rays in transmission tuned just bel
the Co L3 line. The shape of this loop is identical to th
measured by polar magneto-optic Kerr effect in the visible
negative nucleation fieldHN and small remanance and coe
cive field HC characterizeM (H) normal to the sample, re
vealing little resistance to domain formation. The SAS lo
measured atq50.0042 Å21 is shown in Fig. 2~b! and results
from deviations from the averagemagnetization that occu
during reversal. From negative saturation, scattering co
mences to increase atHN by orders of magnitude to a max
mum and falls back to the saturation level atHS . HereHN
andHS coincide with the onset and saturation of reversal
measured in the Faraday rotation loop and signal the in

FIG. 2. ~a! Faraday rotation hysteresis loop measures theaver-
age Co magnetization in the illuminated volume of sample B.~b!
SAS hysteresis loop forq50.0042 Å21 measuresdeviations from
averagemagnetization resulting from the domains that mediate
reversal. Vertical lines atHN , HP , andHS are guides to the eye.
1-2
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BRIEF REPORTS PHYSICAL REVIEW B 64 092401
nucleation and final annihilation of the domains that medi
reversal20 and whose scattering is directly measured. T
shape of the SAS loop measures the amplitude variatio
M during reversal at the in-plane frequencyq. The maximum
scattering occurs at the peak fieldHP.0.1 T, which is larger
thanHC and does not correlate with any feature in the av
ageM (H) loop. HC is the field of zero netM along the film
normal, whileHP is the field for maximum amplitude varia
tion. The difference betweenHP andHC implies either that
some fraction ofM is oriented away from the film normal a
HC ~and q! or that the average domain spacing depends
H, or both. However, measured SAS loops out to the che
cal peak atq50.031 Å21 show no significant change inHP
or the loop shapes. The former situation would arise fr
domain walls or closure domains having non-normalM
components, suggesting thatHP is shifted fromHC towards
the remnant coercivity where half of the sample has switc
irreversibly. This frequency-dependent information on t
evolution of magnetic disorder with field is difficult to obta
using other techniques and is clearly important in und
standing reversal processes.

There is no doubt about the magnetic and charge orig
of scattering for the samples studied here, largely becaus
their very different q and H dependences. In genera
samples may not so readily yield this information, especia
when the length scales of magnetic and charge heteroge
are more equal. Thus it is important to have other mean
determine whether measured scattering originates f
magnetic-magnetic, charge-charge, or charge-magnetic i
ference. The spectral dependence of the scattering, in
junction with modeling, provides a general means to anal
this problem.

Spectral scans for sampleB at q>0.0042 and 0.031 Å21

are shown in Figs. 3~a! and 3~b!, respectively. Each pane
shows spectra at saturation and atHP . At q>0.0042 Å21

large peaks are observed at the CoL3 and L2 lines atHP
when domains are present and are entirely suppresse
saturation. Atq>0.031 Å21 resonant features are observ
at both saturation andHP . The resonant shapes are qu
different at the high-q peak, each exhibiting bipolar charact
with that atHP more intense near theL3 andL2 lines. The
weaker overall resonant variation at the higher-q than the
lower-q peak is consistent with scattering from eleme
other than Co at this charge peak. Knowledge of the
scattering factorsf 65 f c6 f m1 is essential to model the spe
tra in Figs. 3~a! and 3~b!. These were obtained from norma
incidence transmission absorption measurements using c
lar polarization and reversing the helicity or the direction
saturatedM . The measured quantities are the imaginary pa
of f 15 f c1 f m1 and f 25 f c2 f m1 , from which the real parts
are obtained by Kramers-Kronig transformation to determ
f c and f m1 in Fig. 3~c!.

Modeling SAS spectra proceeds by positing a spec
scattering mechanism, calculating its spectrum, compa
with measurement, and iterating to self-consistency. Ass
ing multiple-scattering sources, the general amplitude isA
5S

i
aisi , where the sum is over each source,ai is its

strength, andsi describes its spatial distribution. Tw
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sources, corresponding to the magnetic (am) and charge (ac)
scattering represented by the PSDs in Fig. 1~b!, are assumed
here, yielding intensity in the single-scattering approxim
tion proportional to A* A5am* amsm2m1ac* acsc2c

12 Re@am*ac#sm2c . Here magnetic-magnetic, charge-charg
and magnetic-charge interference terms are explicit, thesi 2 j

contain all structural information, andai* aj contain all f,
e0,f , andm information. Only these latter terms are need
to calculate SAS spectra. Since pure circular compone
scatter only into the same helicity for both magnetic a
charge amplitudes, the scattering from each helicity is ca
lated separately. Model spectra are multiplied by the m
sured transmission for comparison with measured spectr

The pure magnetic amplitude for each helicity from o
positely magnetized domains is given byam5 f 12 f 2

52 f m1 as shown schematically in Fig. 3~a! ~inset!. Only the
difference in the magnetic part off Co contributes to this am-
plitude, since any Co and Pt charge scattering does not
across domain boundaries. The intensity spectrum from p
magnetic scattering, proportional toam* am , is scaled and
plotted together with a pure charge background in Fig. 3~a!
to show excellent agreement with the spectra measure
HP . The pure charge background~see below! is plotted
alone and shows good agreement with the satura
scattering.

FIG. 3. Measured SAS spectra at saturation and 0.1 T meas
at q>0.0042 and 0.031 Å21 are in ~a! and ~b!, respectively. Real
and imaginary parts of measured charge (f c) and magnetic (f m1)
scattering factors are in~c! and are used to model the spectra in~a!
and ~b! as solid lines~see the text for details!.
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BRIEF REPORTS PHYSICAL REVIEW B 64 092401
Many possibilities exist to model the charge amplitud
From AFM data a reasonable model assumes that sur
roughness is the source of charge scattering and is mod
with scattering contrast given by the difference betwe
some linear combination of Co and Pt scattering factors
vacuum. Iterative modeling leads toac5 f Co,c13 f Pt for the
charge amplitude that closely fits the saturated scatterin
q50.031 Å21 as in Fig. 3~b!. This combination of Co and P
scattering is reasonable, considering that the multilayer h
Pt cap layer. Tabulated values21 are used forf Pt, whose
slowly varying but significant real and imaginary parts a
key in obtaining the correct shape of the Co resonant f
tures. Models using amplitude contrast between just Co
either vacuum or Pt were unable to fit the spectra. A p
magnetic contribution is added to this pure charge contri
tion ~in 5:4 ratio! to model the high-q spectra measured a
HP50.1 T in Fig. 3~b!. The spectral shape of the cross ter
Re@am*ac# using these models foram andac is distinctly dif-
ferent from the pure magnetic and charge spectra, and
not agree with any of the measured spectra or improve th
when added to these other contributions. This is not surp
ing given the well-separated PSD’s of domains and rou
ness for this sample~the average domain size is 10 times t
grain size!. As seen in Fig. 3~c!, only am* am exhibits strictly
positive resonant features sinceu f m1u remains nonzero in the
resonant region, whileu f cu has sharp minima15 that are re-
lated to the general bipolar character ofac . These character
istic spectral shapes aid in making this modeling approac
valuable technique to determine the charge or magn
A
K

ve

e
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origin of scattering. Whiles-to-p scattering is sometime
used to identify magnetic scattering, simply the propagat
of incident or scattered radiation through magnetized regi
produces just such a rotation of polarization. This spec
technique may thus provide the most reliable general me
to resolve magnetic from charge scattering and identify
their sources.

In summary, these results reveal an impressive sensit
of resonant soft-x-ray SAS to both magnetic and charge
erogeneity at length scales from 300 down to 10 nm, w
straightforward extension down to roughly 1 nm in bac
scattering geometry. The strong resonant cross sections
higher sensitivity for soft-x-ray compared to neutron SA
The simultaneous sensitivity to magnetic and chemical h
erogeneity through both field and spectral variation, toget
with spatial sensitivity down to the nm scale, provides inf
mation unattainable through conventional microscopy te
niques. These techniques consistently show that magne
tion and grain correlation lengths remain uncoup
throughout reversal in the samples studied. Continued ap
cation of these techniques will provide new informati
about the magnetic structure and reversal in films with p
pendicular anisotropy and about nanoscale magnetic
chemical structure and phase transitions in a broad rang
samples.
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