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Magnetic x-ray scattering at the M5 absorption edge of Ho
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Magnetic x-ray scattering from thin Ho-metal films at M resonance reveals atomic scattering lengths up to
200rg—i.e., of the same order of magnitude as predicted theoretically by Hannon e al. [Phys. Rev. Lett. 61,
1245 (1988)]. The photon-energy dependence of first- and second-order magnetic satellites allows a straight-
forward identification of circular and linear dichroic contributions. A direct comparison to magnetic neutron
scattering demonstrates the potential of the method for studies of complex magnetic structures in ultrathin films

and highly diluted materials.
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Magnetism in thin films, nanostructures, and other com-
plex materials is currently a field of considerable interest,
where diffraction and scattering methods can provide de-
tailed insight into spin structures and magnetic correlations.
While magnetic neutron diffraction had long been the
method of choice, magnetic x-ray diffraction' and in particu-
lar resonant magnetic x-ray diffraction using synchrotron
radiation” have emerged as a complementary technique. Tun-
ing the photon energy to the resonance of an electronic core
excitation yields an element-selective enhancement of mag-
netic scattering.>”’ For dipole transitions, the resonant scat-
tering length is given by*8

f=(e"-e)fg—i(e' X &) -mfy, + (e’ -m)(e-m)f,, (1)

with fo=a(F! +F')), fS=a(F',~F")), and f =a(2F,~F.,
-F 11). leu denote the energy-dependent dipole oscillator
strengths according to the selection rule AM;=0,+1, e and
e’ are the polarization vectors of the incident and scattered x
rays, respectively, and m is the unit vector in the direction of
the local magnetic moment. f¢, and f', are of circular and
linear dichroic nature, respectively,® and give rise to resonant
magnetic x-ray scattering, which is particularly strong at the
L, 5 resonances of 3d transition metals and the M, s reso-
nances of lanthanides and actinides—i.e., in the soft x-ray
region. Most of the previous work in the soft x-ray region
concerns 3d transition metals,® while lanthanides have not
been studied in detail so far.

The M, s resonances, characterized by strong 3d —4f di-
pole transitions, were discussed theoretically quite early by
Hannon et al., when the authors pointed out that the mag-
netic contribution to f can be of the same order of magnitude
as the charge contribution, reaching values up to 100r, (ry is
the classical electron radius).* This agrees qualitatively with
the observed enhancement of the magnetic scattering inten-
sity by a factor of =107 at the M, resonance of uranium.’ A
quantitative characterization of resonant magnetic x-ray scat-
tering at the lanthanide and actinide M, s resonances, how-
ever, has been impeded by the strong photon absorption.’

Here, we report on a comprehensive study of magnetic
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x-ray scattering at the M5 edge of holmium. By studying
ultrathin Ho metal films, |f%| and |f}| could be derived quan-
titatively. The results and the comparison to neutron scatter-
ing demonstrate the unique potential of resonant soft x-ray
diffraction for studies of thin films and complex magnetic
structures.

Ho metal is ideally suited for a study of resonant magnetic
soft x-ray scattering, since it orders in a helical antiferromag-
netic (AFM) structure with a temperature-dependent period,
which is =28 A at 40 K,2 matching the photon wavelength
at the M5 resonance. The helical modulation is essentially
harmonic, dominated by a single wave vector. Since the
magnetic structure persists down to film thicknesses of only
a few monolayers (ML),'%!! the experiments can be carried
out on thin films, for which the probed volume is limited by
the film thickness rather than by the x-ray probing depth and
therefore absorption effects on the scattered intensity across
resonance are minimized. For the heavy lanthanides, the as-
signment of the dipole transitions observed at the M5 reso-
nance is straightforward, and circular and linear dichroic
components can be readily identified.'?

The experiments were carried out with an ultrahigh-
vacuum- (UHV-) compatible (®/20) diffractometer, using
thin Ho metal films grown in situ on a W(110) substrate!" as
well as samples prepared ex situ by molecular-beam epitaxy
(MBE) on a-plane sapphire;'? the latter samples were grown
on a Nb/Y buffer layer and were capped with an Y/Nb layer
to avoid oxidation. X-ray diffraction data were recorded at
the U49/1-SGM undulator beamline of the Berliner Elektron-
enspeicherring fiir Synchrotronstrahlung (BESSY) with the
incident x rays linearly polarized in the diffraction plane (7
polarization). The reflected x-ray intensities were recorded
with a Si photodiode mounted behind a rectangular slit.
Comparative neutron diffraction experiments were per-
formed at the ADAM neutron reflectometer at the Institute
Laue-Langevin (ILL), Grenoble, using neutrons with a wave-
length of 4.41 A.

The resonant enhancement of magnetic x-ray scattering
and the strong absorption at the Ho M5 resonance are illus-
trated in Fig. 1(a). The figure shows specular reflectivity
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FIG. 1. (a) Specularly reflected intensities (/,.) from a 110-ML
Ho film grown on W(110) as a function of the perpendicular mo-
mentum transfer ¢, recorded at the given photon energies; the data
are plotted on a logarithmic scale and vertically offset to facilitate
comparison. Solid lines represent fits as described in the text. The
dotted and dashed curves denote the contributions from magnetic
and charge scattering, respectively. (b) Optical parameters & and S
of Ho metal in the M5 region. The solid line through the data points
for B serves as a guide to the eyes.

curves of a 110-ML (monolayer) Ho film grown on W(110),
recorded at 40 K—i.e., well below the bulk Néel temperature
Ty=131.2 K. ¢, =(47/\)sin(@®) refers to the nominal mo-
mentum transfer perpendicular to the surface, which has not
been corrected for absorption and refraction. Far below the
resonance at hv=900 eV, the reflectivity is dominated by
charge scattering; the intensity oscillations (Kiessig fringes)
are due to interference of x rays scattered from the film sur-
face and the Ho/W interface.'® Even at this energy magnetic
scattering is observable, leading to the less-pronounced mini-
mum around ¢, =0.22 A~!. At hv=1340 eV, closer to the
M resonance, the magnetic-structure peak labeled (007) is
strongly enhanced. The magnetic origin of the peak is veri-
fied by its temperature dependence, with the peak vanishing
at Ty as shown further below. At the resonance maximum
(hv=1354.2 eV), the strong photon absorption alters the re-
flectivity curve substantially: The magnetic peak is broad-
ened due to the reduced number of layers that contribute to
the magnetic signal,’ and the Kiessig fringes are suppressed,
since the x rays no longer reach the Ho/W interface.

For a quantitative description of resonant magnetic scat-
tering, the optical parameters 6 and B of Ho metal were
determined across the Ho M5 resonance; n=1-9+if is the
complex index of refraction. The simple layer structure of
Ho/W(110) permits a straightforward quantitative fit analy-
sis of the reflectivity curves. The spectra were described by a
superposition of the Fresnel reflectivity of a Ho slab on a
semi-infinite substrate and a magnetic diffraction peak. We
fitted the Fresnel reflectivity in the framework of the dynami-
cal theory of reflectivity as demonstrated by Parratt.'* Re-
fraction and absorption were included using a complex scat-
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tering vector g | =(4/\)sin(\®>-26+2i8). The combined
interface and surface roughness was taken into account by a
Debye-Waller-like damping of the reflected intensity /5!

with a mean structural roughness o: IR=I£reS“‘ﬂe“12i‘T§.13

Far from resonance, the tabulated values of & and B are
reliable and can be used to fit the data in order to obtain the
structural parameters: With 6=0.976 14X 107 and B
=0.326 88 X 102 at h»=900 eV,!5 we obtain a thickness of
110 ML [(309+1) A] and a combined surface and interface
roughness of (1.0+0.5) A.

Superimposed on the reflectivity, the magnetic peak is
given by the structure factor!®

N
S(q.) = Pe LY, eimdlanar), 2)

m=1

where N is the number of atomic layers. g, is the momentum
transfer in specular geometry and ¢, the magnetic modula-
tion wave vector. Furthermore, a mean magnetic roughness
o, and an angle-dependent polarization factor P were in-
cluded. The latter is due to the polarization-dependent pref-
actors of f;, and ffn in Eq. (1) and is available for a magnetic
helix.® The refraction and absorption corrections to the shape
of the magnetic peak were again introduced by a complex
scattering vector. The model works for all photon energies
and down to small scattering angles until the reflectivity is
altered by the footprint effect—i.e., when the projection of
the x-ray spot size on the sample surface becomes larger than
the sample. With the structural parameters determined, only
o, B, and the intensities of the Fresnel reflectivity and the
magnetic satellite were varied as a function of photon energy.

The optical constants at a given photon energy were ob-
tained from a fit of the respective reflectivity curve [solid
line through the data points in Fig. 1(a)]. This procedure
yields & and B as plotted in Fig. 1(b) in an essentially inde-
pendent way; they are consistent as verified by the Kramers-
Kronig transformation of B [dotted line, Fig. 1(b)], which
reproduces O rather well. At the resonance maximum, we
obtain 3=(2.8+0.3) X 1073, which is smaller than reported
by Vicentin et al.,'” but using their relative values of Gd and
Ho, it fits nicely to recent values for Gd.'3

B=2.8X 1072 at 1353 eV corresponds to a photon attenu-
ation length of ~260 A. Taking into account the angle of
incidence at the magnetic peak position, an effective probing
depth of only =28 A is obtained. Thus, ultrathin films are
required for a quantitative study of magnetic scattering in
order to avoid substantial absorption corrections.!” While
such films can be readily prepared on W(110), they exhibit a
larger helix period as in the bulk—i.e., a smaller ¢.!" There-
fore, while Ho/W(110) is well suited for the determination
of B and ¢ from reflectivity curves, the MBE films are pref-
erable for a quantitative determination of f, since g, is
shifted to larger values due to the influence of the Y/Ho
interfaces, '? resulting in a rather small background of charge
scattering at the position of the magnetic peak.

Figure 2(a) shows the specular reflectivity of a 46-A (16-
ML) MBE film recorded with m-polarized incident x rays
slightly below the M5 resonance maximum. The reflectivity
exhibits two pronounced magnetic peaks, (007) at scattering
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FIG. 2. (a) I from a 16-ML Ho MBE film on a logarithmic
scale, recorded close to the M5 resonance maximum. (b) Gray-scale
plot of the specularly reflected intensity as a function of the photon
energy. The values for ¢, >0.4 A" were plotted on a different gray

scale to emphasize the second-order magnetic satellite.

vector ¢/, =0.3 A~! and (0027) at ¢, =~0.6 A~', which are
broader than in the case of the 110-ML film; still they are
well pronounced above the charge scattering background.
The shape of the reflectivity background here is less simple
than in the case of Ho/W(110) since the layer structure is
more complicated and it falls more rapidly off because of the
roughness due to the intermixing of Ho and Y at the inter-
faces. The (007) peak, already seen in Fig. 1, is due to f,,
with a polarization factor linear in m. The (0027) was not
observed out of resonance and is thus a pure resonance effect
due to f .2 With a polarization factor quadratic in m, f,,
gives rise to a resonant peak at (0027), since m? oscillates
with half the magnetic period. Generally, the linear dichroic
term fm probes elements that preserve time-reversal
symmetry;?! therefore, it can be used to study the ordering of
quadrupole moments in nonspherical charge densities. In the
present case of AFM Ho metal, however, a distinction of
quadrupolar and spin linear dichroism is of no significance,
since the strong spin-orbit interaction of the atomiclike 4f
states couples the arrangement of the quadrupole moments to
the spin structure.”? Thus, the (007) and (0027) can be en-
tirely described by f<, and f,, respectively, and both contri-
butions are readily identified, since (007) and (0027) are well
separated in momentum space.

The different origins of (007) and (0027) are reflected in
the photon-energy dependences displayed in Fig. 2(b), with
maxima at different photon energies. From the integrated in-
tensities I, and I,, of the first () and second (27-) order
satellites, the circular and linear magnetic scattering lengths,
respectively, were determined:

do

1
7,27 2 )12 2 .27
=P ’ S dQ) = . 3
dQ T,27'|ffn | f7’27| (f])| I() ( )

Here I, is the intensity of the incident x rays measured with
the same Si diode as the reflected intensities. The integration
covers the momentum-space volume of the respective mag-
netic peak,?® assuming that f,;. and f;;, are constant across
the peak. With polarization factors P and P,, for the mag-
netic helix® and with absorption corrections using the 8 val-
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FIG. 3. (a) Absorption data recorded via sample drain current
from a 31-ML Ho film on W(110) as a function of photon energy
across the Ho M5 resonance. The subspectra represent calculated
AJ=0,+1 transitions from Ref. 12. (b) Scattering lengths |f;| and
\ fm| derived from the data of Fig. 2.

Egs from the previous analysis (Fig. 1), we obtain |f¢| and
M|The results on magnetic scattering at the Ho M5 resonance
are summarized in Fig. 3. The top panel (a) displays the
sample drain current as a function of photon energy, which is
proportional to the absorption coefficient.>* The absorption
spectrum exhibits a 3d°4f!! final-state multiplet, which is
well understood on the basis of atomic multiplet calculations
and can be separated into three distinct contributions accord-
ing to the dipole selection rule AJ=0, +1 (subspectra).!>> In
the presence of magnetic order, the J states are split into M
sublevels and the transitions are governed by the selection
rule AM;=0,+1. At the M5 resonances of the heavy lan-
thanides, the probabilities for a given AJ transition are domi-
nated by a single M; value and the selection rule AJ
=0, x1 corresponds approximately to AM;=0, = 1, respec-
tively. Hence, the three groups in Fig. 3(a) represent essen-
tially the respective |F),|%.2

The resonant magnetic scattering lengths, derived from
the data of Fig. 2, are plotted in Fig. 3(b) as a function of
photon energy. They reveal a clear correspondence to the
subspectra of Fig. 3(a), since the transitions AM,;=0,+1 are
well separated in energy.'>? |f,,,.| peaks at the position of
the AM,=+1 maxima, while |f};,| peaks at the maximum of
the AM ;=0 transitions, as indicated by the vertical lines in
Fig. 3. This clearly identifies the circular and linear dichroic
components of the scattering length [Eq. (1)]. We obtain
|£5.|=200r, and |f!|=160r, at their respective resonance
maxima, which is somewhat larger but of the same order of
magnitude as the values of 100r, predicted by Hannon et al.*

The huge resonant enhancement of magnetic x-ray scat-
tering at the M5 resonance is further illustrated in Fig. 4,
which compares resonant magnetic x-ray diffraction with
magnetic neutron diffraction from the 46-A film. Even with
the high neutron flux at the ILL, count rates in the magnetic
diffraction peak are =10 neutrons/s (left panel), although
exploiting essentially the whole sample area of 15
X 20 mm?. In the Xx-ray case, count rates from the same
sample were ~10® photons/s, using an area of only ~200
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FIG. 4. Magnetic (007) diffraction peaks from a 16-ML MBE-
grown Ho film at different temperatures (given in units of the or-
dering temperature Ty). Left: neutron diffraction. Right: resonant
x-ray diffraction at the Ho M5 resonance maximum. The total
counting time per data point was 510 s and 1 s for the neutron and
x-ray data, respectively.

X 500 um?, as given by the size of the beam spot on the
sample. Besides the strong resonance, this is due to the high
photon flux available at undulator beamlines, making soft
x-ray diffraction favorable to study thin-film magnetism.
There are more fundamental differences between neutron
and resonant magnetic x-ray scattering, caused by the differ-
ent ways in which these methods probe the magnetic struc-
ture. Besides the different time scales probed by neutrons
and x rays, which leads to a different sensitivity to fluctua-
tions, neutron scattering is sensitive to the magnetization
density,?® which is why the method directly probes the order
parameter O(T). Resonant magnetic x-ray scattering, on the
other hand, probes—also in contrast to nonresonant magnetic
x-ray scattering—the orientation of the local magnetic
moment.® At this point the question arises as to how the local
quantity probed by the different scattering contributions in
resonance is related to the magnetic order. Figure 5(a) shows
the temperature dependence of the (007) and (0027) satellite
intensities, recorded from a 89-ML MBE Ho film and cor-
rected for absorption. Both curves look quite different, re-
flecting the different ways the magnetic scattering length is
related to m [Eq. (1)]. Taking the m and m? dependence of
the respective scattering length in Eq. (1) into account the
order parameter can be assumed to be «/ 17/ 2 for the (007) and
«I)* for the (0027) satellites while experimentally a small
deviation from the factor of 2 between the exponents was
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FIG. 5. (a) Comparison of the (007) and (0027) satellite inten-
sities as obtained from a 89-ML MBE Ho film by resonant x-ray
diffraction. (b) Temperature dependence of the magnetic order pa-
rameter. The data were obtained from the satellite intensities in (a)
and additionally from the (007) satellite measured by neutron dif-
fraction from the same film.

observed.?” Indeed, for both satellites a such determined O
shows the same temperature dependence and is also in good
agreement with O(T) determined from the same sample by
neutron diffraction as displayed in Fig. 5(b).”

A similar magnetic sensitivity can be expected for the
other lanthanides, which also exhibit strong dichroism at the
M, s resonance. Hence, resonant magnetic x-ray scattering
using synchrotron radiation opens interesting new possibili-
ties for the study of complex magnetic ordering phenomena
in lanthanide-based materials, even if the respective mag-
netic ions are highly diluted. These include temperature-
dependent studies in the region of short-range magnetic cor-
relations in ultrathin films as well as the exploitation of the
tunable photon absorption (Fig. 1) for magnetic depth profil-
ing, with probing depths of =30 to 300 A.
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