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To study equilibrium changes in composition, valence, and electronic structure near the surface
and into the bulk, we demonstrate the use of a new approach, total reflection inelastic x-ray scat-
tering, as a sub-keV spectroscopy capable of depth profiling chemical changes in thin films with
nanometer resolution. By comparing data acquired under total x-ray reflection and penetrating
conditions, we are able to separate the O K-edge spectra from a 10 nm Lag ¢Srp.4CoOs thin film
from that of the underlying SrTiOs substrate. With a smaller wavelength probe than comparable
soft x-ray absorption measurements, we also describe the ability to easily access dipole-forbidden
final states, using the dramatic evolution of the La Ny 5-edge with momentum transfer as an exam-

ple.

Surfaces and thin films in reaction environments (e.g.
in solution or a high pressure gas) often have chemical
and structural states that are significantly different from
the material’s bulk properties. Hard x-ray methods have
a proven ability to probe surface, bulk, and interfacial
material properties, often in extreme conditions such as
chemical vapor deposition,[1], ultrahigh pressure,[2] or
electrochemical potential.[3] However, the need for high-
energy, penetrating x-rays precludes the study of first row
elements and semicore excitations whose sub-keV bind-
ing energies typically require ultrahigh vacuum condi-
tions. On the other hand, traditional direct methods of
low energy core-shell excitations, such as x-ray absorp-
tion spectroscopy (XAS) and electron energy loss spec-
troscopy (EELS), are inherently surface sensitive due to
the low mean free paths of the probe and the created
photoelectron. Inelastic x-ray scattering (IXS) has in-
creasingly been used as a bulk sensitive alternative to
these techniques and was recently used to measure the
surface phonon density of states by working at graz-
ing incidence.[4, 5] Extending this approach to core-shell
electronic excitations, we find that total reflection in-
elastic x-ray scattering (TRIXS) is capable of access-
ing dipole-forbidden states at high inelastic momentum
transfers (q), unlike longer wavelength probes, like XAS,
or forward scattering techniques like EELS.

While these effects should be generally applicable
across a wide range of emerging material systems, we fo-
cus on an epitaxial, 10 nm-thick film of Lag ¢Srg.4CoO3
(LSCO) grown on SrTiO3 (STO). By working at inci-
dent angles («) above and below the critical angle for to-
tal reflection (), we are able to isolate excitations only

found in the film and substrate. Furthermore, the oxy-
gen K-edge varies significantly between the coherently-
strained film and underlying substrate, despite having
similar crystal structures. Finally, we find that high-q
TRIXS at the La N4 5-edge gives rise to dipole-forbidden
multiplet lines corresponding to lanthanum’s unoccupied
4f states. The sensitivity of TRIXS to the chemical
state of both cation and anion species could be a valuable
tool toward understanding the oxygen reduction and ex-
change at the surface and interface of model oxide half
cells at high temperature, variable gas conditions. These
processes are widely considered to be the rate limiting
steps in the performance of solid oxide fuel cells, where
LSCO is often used as the cathode.[6]

We collected TRIXS at the lower energy resolution in-
elastic x-ray scattering (LERIX) endstation at the Ad-
vanced Photon Source[7]. LERIX is a multielement spec-
trometer that collects nineteen energy loss spectra simul-
taneously at momentum transfer ¢ ranging from 0.8 - 10.1
A=Y at 10 keV. A schematic of the experiment for one
analyzer/detector pair is shown in Fig. 1. Using the
(555) silicon analyzer reflection (9890 eV), we measured
1.5 eV FWHM resolution from the quasielastic peak in
grazing; this resolution is not significantly higher than
the 1.35 eV resolution measured for the higher angle IXS
since the scattering plane of each analyzer (seen in the
inset of Fig 1) is orthogonal to the beam footprint. De-
spite losing 75% of the toroidally-focused incident flux
to collimation (beam size was 500 x 50 ym at the sam-
ple), count-rates were still 200 cts/s at each analyzer
at the height of the Compton background and 90 cts/s
above the Compton background for the isolated oxygen
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FIG. 1. The geometry of the incident and inelastically scat-
tered x-rays is shown. The momentum transfer ¢ is defined
primarily by the angle between k1 and k2 while the energy
loss is given by the monochromator energy E; and the ana-
lyzer energy E2. The incident angle o can be used to tune
the penetration depth. The inset depicts the Bragg scattering
geometry of the sample analyzer and detector that defines Fo.

K-edge when integrated over all nineteen analyzers.

The LSCO film was grown on (001)-oriented SrTiOj
using pulsed laser deposition at 750°C and 50 mTorr
pOs;[8] the film was later annealed at 700°C at 150 Torr
pOs for one hour. Prior x-ray scattering measurements
found that the film was coherently strained to the sub-
strate lattice.

To confirm grazing incidence surface sensitivity, we
measured wide-energy spectra well above, and well below
the critical angle, a., for total reflection of the x-rays. As
seen in Fig. 2a, the measured dynamic structure factor,
S(q,w), at high ¢ is dominated by the Compton profile
that results from valence electron IXS. When the energy
loss is near an absorption threshold of a bound electron,
there is a distinct jump in S due to the new scattering
channel. The nonresonant core shell contribution to the
overall IXS is

Si@w) = Sl T2 5(By — By~ hw), (1)
f

where the energy terms and ¢ are shown in Fig. 1, ¢
is the initial state in the presence of the core-hole, f is
the final state.[9] Note that in the low ¢ dipole limit the
expansion of the matrix element can be truncated at the
linear term and S;(q,w) is proportional to the XAS signal
1(é,w), with the direction of ¢ playing a similar role to
the x-ray polarization é. When 1/q approaches the length
scale of the initial or final state wave function, quadratic
and higher order terms in the expansion of e'?" begin
to contribute to S;, leading to new multipole selection
rules that allow final states not accessible by standard
spectroscopies. [9]

As shown in Fig. 2b, the positions of core-shell exci-
tations contributing to the dynamic structure factor can
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FIG. 2. (a) The IXS spectrum for ¢ averaged over 8.3-9.5

A'at a > ac and a < Qc, is shown. As demonstrated by
the diagram in the upper left corner, the a« = 5° is bulk-
sensitive since incident beam refracts 1 pum into the sample
whereas the grazing @ = 0.2° spectrum only penetrates 5
nm. In each case, the broad, dispersive Compton profile (va-
lence IXS), peaked at 300 eV, dominates the spectrum, while
the fixed-energy core-shell features indicate the sensitivity to
the substrate and film at angles above and below a.. (b) To
highlight the individual core-shell excitations, the same spec-
trum is replotted with the Compton scattering removed by
a polynomial fit. The individual peaks are labeled and error
bars based on Poisson statistics from the total IXS signal are
given in the residual intensity. In both parts, the STO spec-
trum has been normalized and offset from the LSCO TRIXS
data.

be used to identify elemental species contributing to the
IXS. At a = 5°, the substrate is expected to dominate the
spectrum; for instance, the titanium lines are especially
strong due to its large number of unoccupied d-states.
At a = 0.2°, well below the critical angle for LSCO at
10 keV (a = 0.28°), the signal from the titanium is sub-
stantially suppressed, confirming total reflection of the
x-rays. Additionally, signal from the lanthanum Ny 5
edge, that can only come from the 10-nm-thick LSCO
film is immediately visible, due to the large number of
unoccupied f-states.

To analyze the fine structure of the oxygen K-edge,
which is present for both the film and substrate, we mea-
sured a finer energy scan that integrated over seventeen
of the detector channels since the core-shell spectrum ex-
hibited negligible g-dependence, as previously noted for
similar measurements of the O K-edge in water ice.[10]
Shown in Fig. 3a, the O K-edge from the LSCO film
is noticeably different from the the bulk-sensitive STO
spectrum; this chemical sensitivity is well-reproduced by
an accompanying multiple scattering calculation[11] in
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FIG. 3. (a) Normalized oxygen K-edge for LSCO and STO
measured at o = 0.2 and 5° respectively. Data have been
averaged over all q. Splines through the data points are pro-
vided as a guide. (b) FEFF8.4 calculations for LSCO and
STO spectra.

Fig. 3b. While there is no directly comparable ex-
perimental work to this composition and strain state of
LSCO, we find that the O K-edge is very similar to prior
EELS measurements.[12, 13]. Taking advantage of the
in situ capabilities of TRIXS, changes in LSCO’s oxygen
stoichiometry (up to 8% of all oxygen sites at 1000°C[14])
are expected to be found in the integrated TRIXS inten-
sity and near-edge structure at high temperature.
Unlike the O K-edge, the La N4 spectrum ex-
hibits considerable ¢-dependence resulting from dipole-
forbidden multiplet states. This is in contrast to EELS,
which is nearly always dipole-limited due to the ¢~* pref-
actor in its double differential cross-section and the for-
ward scattering geometry of a transmission electron mi-
croscope. Likewise, at low x-ray energies, XAS is limited
to dipole transitions since the wavelength of the incident
x-rays is much longer than the wavefunction of the ini-
tial state. By working with a short wavelength probe
up to backscatter, TRIXS is capable of accessing states
that are symmetry-forbidden by other low energy spec-
troscopies. As shown in Fig. 4a, one of the most dramatic
examples of this new information are hybridized multi-
plet states in lanthanides. In LSCO, for example, the
near-edge structure in the La N4 5 edge largely consists
of transitions from 4d'0f% — 4d°f! states. For symme-
try reasons, multiplet final states are restricted to Al =
1, 3, and 5 transitions and are very sensitive to f-orbital
occupation, oxidation state, and f-d hybridization.[15]
In the dipole approximation (Al = 1), the La Ny 5-edge
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FIG. 4. (a) La N4 5-edge contribution to measured IXS from
LSCO (o = 0.25°) as a function of q. Splines through the data
points are provided as a guide. (b) Multiplet calculation for
4d" f° atomic states as a function of ¢ (top) and the angular
momentum components (bottom). The calculation, originally
compared to Ce 4f° data, [15], has been shifted by -9 eV
to match the lower binding energy of the lanthanum edge.
Data shown in (a) and (b) have been offset and scaled for
comparison. Intensity from the calculated dipole resonance
has been truncated to highlight higher order multiplets at
intermediate q.

appears at 115 eV, leading to broad continuum states.
While XAS and EELS are essentially limited to these
states, TRIXS is capable of measuring sharp multiplet
states at higher ¢q. These atomic states, shown in Fig. 4a
begin to appear near ¢ = 6.4 A~! and evolve even further
between 9 and 10 A~'. These states are due to the oc-
tupole (Al = 3) and triakontadipole (Al = 5) transitions
arising from higher order terms in the expansion of e’
in Eq. 1. To decouple final states by their angular mo-
mentum symmetry, it is convenient to expand the matrix
element in Eq. 1 in a spherical harmonics basis.[16, 17]
For cubic symmetry,

S(g,w) =Y > [Mi(q,w) P fliilar)|)) P6(E: — Ey + hw)
T

(2)
where M; = Elm:fl il47rYlj‘m(9q,¢q)Yl,m(9T,¢T) and 7
is a spherical Bessel function. For the theory shown in
Fig. 4b, the initial and final states are approximated
as Hartree-Fock wavefunctions.[18]. Using the appropri-
ate weighting from M;(q), we see excellent agreement
between this atomic theory and and the measured mul-
tiplets at high ¢. In general, the ability to easily ac-
cess dipole-forbidden orbitals could be a valuable fu-
ture tool for understanding f-electron occupation in lan-
thanide and actinide thin films.



In summary, we find that TRIXS is a powerful new
spectroscopic tool for in situ measurements of the elec-
tronic structure near the surface and in the bulk of com-
plex oxides, such as LSCO. Improved spatial depth res-
olution can be achieved using the a-dependence of the
surface signal, similar to long period x-ray standing wave
measurements that typically use x-ray fluorescence. Fu-
ture studies will greatly benefit from additional x-ray fo-
cusing and better energy resolution. In addition to the
unique |g|-dependence demonstrated above, changes in
in-plane bonding and orbitals near the surface could also
be further studied using the natural dichroism given by
g for single crystal films.[19, 20] At lower energy losses
(0-20 V), this ¢~dependence could also be valuable for
studying the dipole forbidden d — d excitations[21], color
centers arising from surface defects, and the behavior of
surface and bulk plasmons and excitons.[22]
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