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Resonant x-ray scattering experiments at the Gd L; edge show interference between magnetic and
anisotropic tensor susceptibility (ATS) reflections in GdB,. Energy profiles obtained from the magnetic
and ATS resonances exhibited ~10 eV separation between the maximum resonance energies. The
findings show that the Gd 5d band experienced hybridization giving rise to a significant split into
isotropic lower energy band and distorted upper band states that account for the magnetic and ATS

scattering, respectively.
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Resonant x-ray scattering (RXS) is becoming a promi-
nent technique as an ideal probe of local environment
and electronic structures. The RXS process involves elec-
tric multipole transitions by exciting a core electron
of a corresponding absorption edge to an empty valence
shell of intermediate state. Direct involvement of this
valence orbital gives rise to an enhanced sensitivity to
the target ion’s magnetic moment and anisotropic charge
distribution (anisotropy of x-ray susceptibility tensor)
influenced by the net spin polarization and chemical
bondings, respectively [1-6]. The net spin polarization
at the valence shell enables the x-ray resonance exchange
scattering. Distortion of the valence shell in a crystalline
environment caused by a chemical bonding/hybridization
or crystalline electric fields by surrounding ions leads
to an anisotropic tensor of the x-ray susceptibility which
reflects the symmetry of the chemical environment. The
general reflection condition (systematic extinction of
Bragg reflections from glide plane and screw axis sym-
metry operations) derived for an isotropic x-ray sus-
ceptibility is no longer fulfilled, thus, producing the
so-called forbidden reflection [ATS (anisotropic tensor
susceptibility) reflection].

Extensive use of the RXS was employed mainly for the
investigation of cooperative orderings of electric orbital/
quadrupole, or magnetic moments as well as more generic
crystal symmetry related forbidden reflections such as
the (0 06) reflection of Ge [6—10]. While the RXS has led
to a spectacular progress unveiling microscopic proper-
ties of materials, capability of RXS as a spectroscopy
probe has not been fully explored. Also, most of the
experimental work has been limited by employing either
magnetic sensitivity or ATS, separately. Although the
combined anisotropy effects have been theoretically pro-
posed [1,11], neither experimental consideration nor de-
monstrative evidence of combined anisotropies, such as
magnetic and chemical, has been addressed until now.
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In this Letter, we present an explicit evidence of
interference between magnetic and ATS resonances in
GdB, from the Gd L;-edge RXS. Manipulation of the
magnetic and ATS contribution to the interference
scattering was realized with the azimuthal ¢ rota-
tion, ¢ || (Q = ky — k;), as well as temperature varia-
tion and energy. Furthermore, comparison of the
magnetic and ATS resonance energy profile suggests
that intra- and interatomic mixing of the Gd 5d band
lead to independent characters of spin polarization and
anisotropic distortion of the 5d orbital. Most signifi-
cantly, RXS energy profiles manifested electronic struc-
tures where distinction of the different states was
achieved by satisfying the selection rules correspond-
ing to each state.

GdB, crystallizes in a tetragonal structure (P4/mbm),
and Gd ions are located at the 4g symmetry positions.
Ground state physical property is characterized by an
antiferromagnetic ordering below Ty = 42 K with the
moment in the ab (basal) plane [12]. Single crystals of
GdB, were synthesized by the solution growth method
using Al flux, which is similar to the growth of rare
earth hexaborides [13]. One of the resulting crystals
was carefully cut and polished to have a flat (h00)
surface with the mosaicity of ~0.01° at (200) for the
synchrotron experiments.

Resonant x-ray scattering experiments were under-
taken on the 3C2 bending magnet beam line at the
Pohang Light Source (PLS) equipped with a double
bounce Si(111) monochromator. A platinum coated toroi-
dal mirror was used to focus the beam and also to
eliminate higher harmonics by employing total external
reflection. A prepared GdB, single crystal was mounted
on the cold finger of a closed cycle helium displex (base
temperature of ~4.8 K) with azimuthal rotation configu-
ration. The incident x-ray beam is ¢ polarized in the
vertical scattering geometry.
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First, the x-ray scattering experiments were carried out
at low temperature aimed to investigate the magnetic
structure of GdB4. A Gd L5 (E = 7.243 keV) absorption
edge was utilized mostly for the purpose. A polarization
analysis was carried out using a flat pyrolithic graphite
(PG) crystal. With the PG(006) reflection, exclusive
selection of the o-to-7 polarization is allowed. All the
experimental results displayed were obtained for the
o-to-m-polarization channel, unless specified. Initially,
the sample was aligned with the ab-(basal) plane corre-
sponding to the scattering plane with the [100] || .

Upon cooling the sample below Ty = 42 K, reciprocal
lattice scans along the [100] direction showed that mag-
netic satellite peaks emerged at (2n + 100) position (n,
integer) in addition to the fundamental (2n00) Bragg
reflections. Significant enhancement of the magnetic sig-
nal was attained above the absorption edge implying that
electric dipole (E1) transition was dominantly involved.
The details of the resonance energy profile are described
below along with the ATS profile.

Moreover, the azimuthal angle (¢) dependence was
obtained at (100), (300), and (500) reflections at the
base temperature as shown in Fig. 1. Intensity was nor-
malized to the fundamental (2 0 0) Bragg peak for each ¢
angle to account for a possible variation in scattering
volume. Intensity from multiple reflection was carefully
checked and excluded when verified. Here, the azimuthal
angle (¢) is defined to be zero when the c¢ axis lies
perpendicular to the scattering plane, ie., ¢ || (k; X k;).
Unless the magnetic structure is longitudinally modu-
lated (@& || 7), a sinusoidal modulation of the intensity
can be anticipated from the ¢ dependence due to a spin
component variation in the scattering plane. Note that
I~ (lgf - fi)? in E1 [7]. However, departing from simple
sinusoidal oscillation, azimuthal scans in Fig. 1 exhibit
remarkable phase shifts. Not only do the azimuthal scans
reveal cosig-modulation shifting from the ¢ = 0, but also
the shifted phase depends on reflection planes (Q’s).

The intriguing azimuthal dependence of integrated
intensity became explicable after incorporating the ATS
scattering. In GdBy, the (2n + 1 00) reflections, which are
forbidden by a glide plane, can be excited from the ATS.
For the E1 transition, the resonant scattering amplitude of
interest (except for a Thompson scattering) is expressed
in general as

Sres l(é} X él) Kani T é} ’ fsym " € (D

where the €; (€;) denotes the polarization of incident
(scattered) x ray; f,,; and f,, represent the second
rank tensor of antisymmetric and symmetric traceless
parts, respectively [1]. Here, the f,.; is ascribed to the
magnetic and £, to ATS scattering [14].

ATS scattering amplitude.—The ATS scattering ampli-
tude was constructed from a symmetric second rank
tensor (E1) abiding by the Dy, site symmetry [6], and
the geometrical scattering factor was obtained from
Fars(0) = i eiQ'Rfé}fjé,-, where j runs for the four
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FIG. 1. Azimuthal rotation dependence of the integrated in-
tensities (T =5 K, E = 7.246 keV, energy of the maximum
magnetic resonance) after a Lorentz factor and angle depen-
dence of the scattering volume are corrected. The ab (basal)
plane is defined as a scattering plane at ¢ = 0°. Broken lines
are obtained by considering the interference with the ATS.

Gd ions located at Iz’l:(x,% + x,0), 132:(% —x,x,0),
R}:(—x,% —x,0), and 1—2)4:(% + x, —x,0). The resulting
scattering factor for the (2n + 100) reflections is ob-
tained for the o-to-7 polarization channel as

%Sﬂ 00 — 7 cos(26/2) cos[27(2n + 1)x]sin.

Energy dependence of the ATS strength is contained in
A. Still, the o-to-o channel remains forbidden in the E1
transition.

Magnetic scattering amplitude.— Also, the magnetic
scattering amplitude was constructed considering a trans-
verse spin modulation [15]. A stable configuration of
magnetic moments saving the bilinear exchange energy
with a RKKY-type interaction was found for @i, = fi,
and fi; = iy = —fL;, which is consistent with the com-
monly observed spin arrangement of other family com-
pounds [16,17]. From this, the magnetic scattering
amplitude was obtained from the antisymmetric term of
Eq. (1) as

fﬁggl 00 — M cos(20/2) sin[27(2n + 1)x] cosi,

for the o-to-7r polarization. Note that, M is proportional
to the actual induced magnetic moment, .

Consequently, the total scattering amplitude from a
coherent interference of simultaneously excited forbidden
reflections at (2n + 100) leads to
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@ur100 — [ A, M]cos(26/2) cos[yp — A(Q, £)],

{A, M}

tanA = 7[54, M]

cot[27(2n + 1)x],

where [a, B8] gives « for |a| = |Bl, and conversely for
the {a, B}. Consistent with the observation, the phase
shift, A, depends on reflection planes (Q) through
cot[27(2n + 1)x]. Its dependence on the ratio, &, of the
interaction strength between magnetic (M) and ATS (A)
is also noted. The relative strength of magnetic and ATS
can be manipulated with ¢ rotation as well, appreciating
the 77/2 delay in phase between the two.

The azimuthal scans were fitted to the derived scatter-
ing amplitude and the results are shown with the broken
lines in Fig. 1. Stark agreements between the observed
data and the derived interference scattering amplitudes
could be achieved with A /M ~ 0.25. The Gd position
parameter, x, is taken from the refined value of x = 0.317
of the isostructural TbB, [16]. No scaling factor among
the azimuthal scans was necessary, except for the inten-
sity at the (100) reflection with a factor of ~1.7.
Considering a very small reflection angle for the (100)
reflection with 6 = 3-5°, this arbitrary scaling factor
could be a result of a different condition in scattering
volume with the beam size comparable to the sample size.
Overall, the data were well reproduced from the derived
scattering amplitude.

To further convince one that the phase shift in the
azimuthal dependence was a result of the interference
between the magnetic and the ATS resonances, pure
ATS scattering was explored at T = 99 K above the Ty =
42 K. Azimuthal scans were repeated for (2n + 100)
reflections at T = 99 K. Now, without any interference
with the magnetic reflections, the azimuthal rotation was
expected to be in phase irrespective of the reflection
planes with the maximum intensity at ¢y = 90°. Figure 2
shows the azimuthal scans of the (100) and (300) for-
bidden reflections. Indeed, consistent with the pure ATS
scattering amplitude, modulations are found in phase for
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FIG. 2. Azimuthal scans of the pure ATS reflections (E =
7.249 keV, T = 99 K). Without interference from magnetic
scattering, the azimuthal dependence is observed in phase.
Broken lines are the derived ATS scattering intensity.
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different reflections and maximum intensity of the modu-
lation is noted at ¢y = 90°.

Next, we turn to an electronic structure of a Gd 5d band
inferred from the two reflections. Figure 3 displays the
various energy profiles of the magnetic (T =5K, ¢y =
0°) (b), ATS reflections (T =99 K, ¢ = 90°) (c), along
with the (200) Bragg peak intensity showing charge
absorption (a) and x-ray absorption spectrum (XAS) at
the boron K edge (d). This result clearly demonstrates that
mode-selective energy profiles can be obtained by RXS
while the normal x-ray absorption spectrum near the B K
edge provides mode-integrated ones: The energy profiles
of magnetic and ATS reflections of GdB, can be selec-
tively probed by a judicious choice of the azimuthal angle
(). Most interesting to note is the marked differences in
the maximum resonance energy as well as the overall
energy structure between the two resonance profiles of
RXS. The noted separation between the resonance ener-
gies is significant with ~7(%3) eV:7.245 (magnetic),
7.249 and 7.255 keV (ATS). Here, 7.245 keV of the mag-
netic resonance is the nominal value from the fit corre-
sponding more to the resonance center rather than the
actual maximum resonance of 7.246 keV.

Since the magnetic and ATS are excited via the same
E1 transition of 2p;/, to 5d, the energy profile is rather
attributed to a structure within the Gd 5d band. Various
hybridizations result in the splitting of the 5d band into
the lower (7.245 keV) and upper energy states (7.249 and
7.255 keV): Intra-atomic band mixing and direct ex-
change coupling with the Gd 4f state lead to the lower
band with magnetic sensitivity, whereas an interatomic
hybridization with the nearby boron atoms (B 2p states)
distorts the 5d band more severely, leading to the ATS
resonances appearing at the upper 5d band. Note also
that the band mixing with the spherical Gd 4f orbital
(8S7 /2) is not viable to induce anisotropic charge distri-
bution, as indeed the case here with a relatively weak ATS
signal at 7.245 keV.

The boron K-edge XAS, which is shifted by the energy
difference between the B K-edge and Gd L;-edge absorp-
tion energies to be aligned with the absorption threshold,
was compared in Fig. 3 to support our interpretation
given above. The XAS measurement was performed on
the 8 A beam line of PLS. The spectrum was obtained
from a clean surface by scraping with a diamond file
in situ, and the photon energy resolution was set to be
about 0.1eV. The B K-edge XAS reflects the Gd 4f and 5d
bands due to the hybridization with the B 2p states. The
spectrum indeed displays an ample distribution of Gd 5d
states shifted upward due to the strong bonding with the
B 2p states. Furthermore, observed ATS resonances, in-
cluding the fine structure with two maxima, coincide well
with the structure in XAS explicitly evidencing that dis-
tortion of the valence charge distribution was reinforced
by hybridization with B 2p orbitals to drive the ATS. The
Gd 4f state shows relatively weak absorption intensity
around ~4 eV above the threshold energy implying weak
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FIG. 3. Energy profiles near the Gd L5 edge. (a) X-ray scat-
tering intensity at the (2 00) Bragg peak. (b) Resonance energy
profile of the (300) magnetic peak taken at 7= 5K and
iy = 0°. (c) Resonance profile from ATS (T =99 K and ¢ =
90°). (d) X-ray absorption spectrum emphasizing the boron 2p
states after shifting the Fermi level to the absorption edges in
(a)—(c) for a comparison on the same energy scale. Solid bars
denote the maximum resonance energies of magnetic and ATS.
Broken vertical lines denote the absorption edge determined
from the maximum derivative of (200) charge peak’s absorp-
tion profile. Intensities of magnetic (b) and ATS (c) were scaled
by multiplying 103, and no absorption correction was consid-
ered. Energy profiles in (b) and (c) were fitted to empirical
Lorentzian squared line shapes mainly used to guide the eye.

hybridization with the B 2p states. A more detailed
understanding on the fine structure of the ATS resonance
would require refined theoretical model analysis for the
resonant x-ray scattering, which is beyond the scope of
this paper.

In summary, we present the first direct evidence of co-
herent interference between simultaneously excited mag-
netic and ATS resonances in GdB, causing appreciable
phase shifts in the azimuthal dependence. Resonance
energy profiles of the magnetic and ATS reflections
were separated by rotating the azimuthal (¢) angle.
Through the resonance energy profiles, hybridization of
Gd 5d orbitals was revealed. The spin polarization and
anisotropic charge distribution were realized on different
portions of the split 5d bands. Implications of the current

257205-4

work are profound. Most of all, this work demonstrated
that various physical characters of the electronic states
can be probed by exploiting the rich resonance energy
spectra of the RXS. Especially, RXS can be utilized as a
spectroscopy probe which enables selective investigation
of electronic states relevant to the magnetic interactions
and anisotropic charge distributions whose interplay is
the keen interest in strongly correlated electron systems.
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