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ABSTRACT: Polarization dependent X-ray absorption spectroscopy (XAS) is a powerful
probe of the anisotropic electronic structure of bulk single crystals, but its application to
nanostructured samples is challenging. Here we describe a method for obtaining linearly
polarized XAS spectra along three orthogonal axes of an individual nano-object using
scanning transmission X-ray microscopy (STXM). The technique is applied to a single
sodium titanate nanoribbon [(NaH)Ti NR]. Significant linear dichroism is observed at
both the Ti 2p and O 1s edges. The experimental results are compared with first-principles
calculations; good agreement is achieved. The spectral changes among the three axes are
attributed to the anisotropic Ti—O bonding of the various Ti and O sites in the monoclinic
crystal structure of the nanoribbon. The methodology for 3D dichroic STXM
measurements developed in this study is a powerful way to investigate the anisotropic

geometric and electronic structure of nanomaterials.

B INTRODUCTION

Since the discovery of carbon nanotubes (CNTs)," highly
anisotropic nanostructured materials, such as nanotubes,
nanowires, nanofibers, and nanorods, have attracted consid-
erable attention as they offer good models to study the
dependence of electrical, thermal transport, and mechanical
properties on directionality and size reduction.” The electronic
structure of nanomaterials has been investigated via conven-
tional spectroscopic techniques such as near-edge X-ray
absorption fine structure (NEXAFS)® and photoelectron
spectroscopy (PES).*”® These techniques only provide
averaged spectroscopic information from many nanostructures
as they typically sample a large area (a few tens or hundreds of
um?, or even larger areas). However, due to differences in size,
defects, impurities, functionalization, etc., the electronic
properties of individual nanostructures, even those from the
same synthesis batch, can vary significantly from one to
another. Thus, it is important to image and probe the chemical
and electronic structure of individual nanostructures.

One approach to address this issue is to perform
spectromicroscopy on individual nanostructures. Previously,
transmission electron microscopy (TEM) equipped with
electron energy loss spectroscopy (EELS) has been applied
to study individual nanostructured materials.””"" Although
TEM-EELS has high spatial resolution, radiation damage'” and
a strict requirement for ultrathin (<50 nm) samples limit its
application. Moreover, measurements of linear dichroism in
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anisotropic systems using momentum transfer (g-dependent)
EELS" are more complicated than linear dichroic measure-
ments using synchrotron X-ray sources.'* In this context, soft
X-ray spectromicroscopy'” is an ideal tool to study anisotropic
nanostructures. It probes electronic properties with nanoscale
spatial resolution. On beamlines such as 10ID1 at the Canadian
Light Source (CLS) where this study was performed, one can
easily control the angular relationship between the electric field
vector (E) of the linearly polarized X-rays and the main axes of
an anisotropic sample, thus probing in detail the linear
dichroism of individual nanostructures. As shown in this
work and many others,"®"*" linear dichroism provides addi-
tional insights into the geometric and electronic structure or
materials.

With the advent of high-brilliance undulator radiation in
third-generation synchrotron facilities, measuring NEXAFS in
scanning transmission X-ray microscopy (STXM) has become
an excellent probe of valence state, local bonding, and
electronic structure of individual nanomaterials with high
spatial resolution (~30 nm)."*'*™'® Previously, we have
applied STXM to study polarization dependent NEXAFS of
individual carbon nanotubes and shown that measurements of
the linear dichroism of the C 1s — #* transition could be used
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to characterize defect density and surface structure in single
carbon nanotubes.'®™" Since carbon nanotubes are typically
rotationally symmetric with a hollow center, only two
orientations of the E-vector with respect to the CNT are
sufficient to define the dichroic signal. However, this method-
ology might not be applicable to other nanostructures such as
titania derived nanowires, nanofibers, and nanoribbons,*® which
are solids with an anisotropic three-dimensional structure,
which could differ along each of the length, width, and height.
In other words, the current 2D projection methodology applied
to measure the linear dichroism of nanotube structures only
acquires NEXAFS spectra from two dimensions instead of
three. Thus, the spectroscopic information on one dimension is
missing if the nanostructure is anisotropic in all three
directions. This work addresses the question: Is it possible to
obtain NEXAFS spectra of anisotropic nanostructured materials
along more than two orthogonal dimensions?

To evaluate the potential of STXM-NEXAFS for 3D dichroic
measurements of nanostructures, we focused our study on a
complex system, sodium titanate nanoribbons ((NaH)Ti
NRs), which were obtained via a hydrothermal reaction
between NaOH solution and anatase TiO, powder.”® The
crystal structure and electronic properties of (Na,H)Ti NRs
formed under hydrothermal conditions has been debated since
their discovery. Several materials with different stoichiometries
and associated structural models have been proposed, including
(Na,H),Ti;0,,°' ™" (Na,H),Ti,05-H,0,”*° NaH, ,Ti,0,,,,-
xH,0,”” H,Ti,0y-H,0,”* and NaTi;O4(OH)-2H,0.”*° The
synthesis of (NaH)Ti NRs was recently discussed in a
comprehensive review article.’’ If NEXAFS spectra of an
individual (Na,H)Ti NR could be measured with the electric
vector along each of the high symmetry directions, such results
could be compared with computed spectra of proposed models,
which in turn could help determine the detailed crystal and
electronic structure of (Na,H)Ti NR.

Recently, full-field transmission X-ray microscopy (TXM)
with NEXAFS capabilities was used to study individual (Na,H)
Ti NRs.**** A linear dichroic signal was observed, which was
attributed to different stacking orientations of TiOg4 octahedra
relative to the principal axis of the nanoribbon.”” However, due
to the fixed spatial orientation of the E-vector in the full field
TXM used, a dichroism study on individual NR could only be
achieved by manually rotating the sample, which makes the
dichroic measurements tedious and time-consuming. Thus, the
dichroic characterization was performed by comparing signals
from two different (Na,H)Ti NRs which were orthogonal to
each other, which left some ambiguity as to the results. In
addition, spectra were measured with the E-vector along only 2
of the 3 possible high symmetry directions.

Here, we report the first acquisition of 3-dimensionally (3D)
resolved X-ray absorption spectra (XAS) from an individual
(Na,H)Ti NR. A strong dependence of the O 1s and Ti 2p
spectra on the orientation of the E-vector of the X-rays relative
to the nanoribbon was observed, reflecting sampling of a
different set of bonding and chemical environments along each
dimension. State-of-the-art first-principles NEXAFS calcula-
tions of the dichroic O 1s and Ti 2p spectra are reported
assuming the crystal structure NaTi;O4(OH)-2H,O reported
recently.”’ The computed spectra are generally in good
agreement with the experimental results, verifying both the
computational method and the assumed structure.

B EXPERIMENTAL METHODS

Sample Preparation and Characterization. Sodium
titanate nanoribbons, (Na,H)Ti NRs, were synthesized from
TiO, anatase powder and NaOH solution under hydrothermal
conditions at 175 °C. The synthetic procedure has been
described in detail elsewhere.”* The morphology of the
synthesized material was investigated with scanning electron
microscopy (FE-SEM; Carl Zeiss, Supra 3SLV and JEOL
7600F) and transmission electron microscopy (JEM-1200 EX,
JEOL 2100). The quantitative atomic composition was
determined by X-ray photoelectron spectroscopy (XPS) in a
VERSAPROBE PHI 5000, with background pressure of 1 X
107" Torr, equipped with a monochromatic Al Ka X-ray (hv =
1486 eV) source. The escape depth of the photoelectrons is
typically 2—3 nm, and the energy resolution was 0.7 eV. A dual
beam charge neutralization consisting of an electron gun (~1
eV) and an argon ion gun (<10 eV) was used. The XPS sample
was prepared by pressing the powder NR material into a 6 mm
pellet and attaching the pellet to the sample support using
conductive UHV-compatible copper adhesive tape. For TEM
and STXM-NEXAFS analysis the nanoribbons were sonically
dispersed in ethanol and a drop of the solution was deposited
onto a lacy carbon film supported by a copper grid.

STXM Measurements and Analysis. STXM measure-
ments were performed using the soft X-ray spectromicroscopy
beamline 10ID1 (SM) at the Canadian Light Source (CLS,
Saskatoon, SK, Canada).}5 At the CLS-SM beamline, the X-rays
are generated in an Apple-II type elliptically polarizing
undulator (EPU), which produces nearly 100% linearly
polarized light in the Ti 2p and O 1s energy ranges.”® The
angle of the E-vector in the plane perpendicular to the X-ray
propagation direction can be varied from —90° to +90° by
changing the relative positions of the girders in the EPU.*® This
enhanced capability makes it much easier to select specific
orientations of the E-vector relative to a sample, as compared to
the more common EPU systems which only permit adjustment
of the E-vector from 0 to +90°. In STXM, the monochromated
X-rays are focused to a 30 nm spot on the sample by a Fresnel
zone plate (outer diameter of 240 um, outer zone width of 25
nm, 95 pym central stop, obtained from the Centre for X-ray
Optics, Lawrence Berkeley National Lab). An image at each
photon energy is generated by raster scanning the region of
interest of the sample through the X-ray focal spot while
detecting the transmitted intensity in single photon counting
mode, using a phosphor to convert soft X-rays to visible light
followed by detection of the visible light using a high
performance photomultiplier detector. For spectroscopy, a
sequence of images, known as an image sequence or “stack”, is
recorded over the energy range of interest.”’

In order to obtain fully 3D resolved spectroscopic data from
a single (Na,H)Ti NR, it is necessary to examine the same
(Na,H)Ti NR with at least two different polar orientations,
which we select as normal to the X-ray beam direction (0°) and
with the sample at a tilt angle relative to the beam direction
(typically ~30°). The change in polar angle was achieved by
deforming the bottom part of a standard STXM aluminum
sample plate. First, the sample (on a lacy carbon coated 3 mm
Cu TEM grid) was attached to a flat sample plate, which was
later mounted on the interferometrically controlled piezo stage.
A specific nanoribbon whose maximum optical density was less
than 2 (to avoid absorption saturation) was selected. For both
Ti 2p and O 1s spectra, two stacks of the selected nanoribbon
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were recorded, one with the E-vector perpendicular and the
second with the E-vector parallel to the principal (long) axis of
the nanoribbon. The two E-vectors were alternated at each
photon energy to ensure that the energy scale and reference
intensity (I,) were the same for the two polarizations. This
provided spectroscopic data for polarized light along two
dimensions of the nanoribbon. The spectrum with the E-vector
along the third dimension was obtained by tilting the sample
plate by ~30° (measured to be 32 + 1°) in order to achieve a
projection of the third dimension of the selected nanoribbon
onto the direction of the incident X-ray beam. In this new
orientation, another two stacks of the same nanoribbon were
then recorded through the Ti 2p and O 1s spectral regions,
each with E-vector perpendicular and parallel to the principal
axis of the nanoribbon. A total of four stacks were obtained
through each of the Ti 2p and O 1s regions.

Data analysis was performed using aXis2000.”® The four
stacks at each edge were combined and aligned together, and
the reported spectra were extracted using the identical region of
interest, thereby guaranteeing that they come from exactly the
same region of the (NaH)Ti NR. The transmission signals
were converted to optical densities using the incident I,
through a region free of nanoribbons but close to the region
under study. After converting to optical density, each stack
consists of an X-ray absorption spectrum (XAS) at each pixel.
Because spectra were obtained with both in-plane and out-of-
plane sample orientation, there is a projection of the out-of-
plane signal onto the measured results, which is not detected
with a sample measured only in a normal incidence geometry.

B THEORETICAL METHODS

The X-ray absorption spectra were calculated for the
NaTi;O4(OH)-2H,0 structure.”® First the structure was
optimized using density functional theory in the local density
approximation (LDA) and the projector augmented wave
method as implemented in the Vienna Ab initio Simulation
Package (VASP).>”* The plane wave energy cutoff was set to
500 eV, and the Brillouin zone was sampled on a 1 X 4 X 2
Monkhorst—Pack mesh. The lattice parameters and atomic
positions were relaxed until the residual forces were below 0.01
eV/A. The optimized lattice parameters of the monoclinic cell
(space group C2/m) are a = 21.401 A, b = 3.763 A, ¢ = 11.533
A, B =132.9°, which agrees well with the experimental values (a
=21.53A,b=379 A, c=11.92 A, f = 136.3°).%° For the O K-
edge spectral calculation, we use the same method as in our
previous work on the TiO, polymorphs™ and titanate
nanotubes.”” The spectra are obtained from the local density
of states (DOS) above the Fermi level projected onto p-orbital
symmetry at the absorber site. For linear polarized light along
the x, y, and z-axes, the O K-edge spectrum is proportional to
the O p,, O p,, and O p_projected DOS respectively. To take
into account the core-hole lifetime and loss processes, the
partial DOS have been convoluted with an energy-dependent
Lorentzian function, see ref 42 for details. The Ti L,;-edge
spectra were calculated using the multichannel multiple
scattering method*’ with self-consistent LDA potentials
obtained with the linear-muffin-tin-orbitals (LMTO) code™
in the atomic sphere approximation. The interstitial space was
filled with 101 empty spheres per unit cell. For the multiple
scattering calculations, finite clusters of about 150 atoms and
100 empty spheres were used for each of the three inequivalent
Ti atoms. Core-level binding energies cannot be obtained
accurately in LDA. Therefore, the calculated spectra have been

shifted rigidly in photon energy to align the prepeaks with
experiment. Slightly different shifts were needed for the three
Ti sites (—14.75, —14.25, and —14.50 eV), which hints to
shortcomings of the LDA-LMTO potential or the employed
core-level screening model. We stress, however, that the
polarization dependence of the absorption spectra is not
affected by these shifts, because the spectra for all different
polarizations were shifted together. Other computational details
of the Ti L, ;-edge calculations were the same as in our previous
works. "+

B RESULTS

Morphology and Chemical Analysis of (Na,H)Ti NRs.
Figures la and 1b present scanning electron microscope (SEM)
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Figure 1. (a) Scanning electron microscope image of an array of
sodium titanate nanoribbons ((Na,H)Ti NRs). (b) High-resolution
TEM image of an individual (Na,H)Ti NR. The average interlayer
distance is 1.02 nm. (c) Energy-dispersive X-ray spectroscopy (EDX)
spectrum of the synthesized nanoribbons.

and high-resolution transmission electron microscope (TEM)
images of the (Na,H)Ti NRs. The SEM image shows that the
sample is composed of elongated nanoribbons. The (Na,H)Ti
NRs grew up to 8 um in length while the dimensions of their
asymmetric ribbon cross sections are in the range of 20—200
nm. The interlayer distance is 1.02 nm (Figure 1b), typical for
this type of material>* Due to electron beam damage, the
(Na,H)Ti NRs nanoribbons used for electron microscopy
imaging were not used for STXM analysis. Figure 1c presents
the energy-dispersive X-ray (EDX) analysis of the synthesized
nanoribbons, which determined the Na:Ti:O atomic ratio to be
1.05:3.00:8.00 (or 8.7, 24.9, and 66.4 atom %, determined
without considering H).

Method of Acquisition of 3D XAS Spectra from a
Single (Na,H)Ti NR. Figure 2a is a schematic of the
nanoribbon with defined, sample-aligned axes. Two measure-
ment geometries are used to obtain full 3D XAS spectra from
one (Na,H)Ti NR. Figure 2b shows the situation for
measurement in the normal geometry, where the sample plate
is orthogonal to the X-ray propagation direction (flat plate). In
this geometry, by rotating the E-vector, one can measure
spectra with the E-vector in two particular orientations, one
along the x axis, and the other one along the y axis. Thus, Ti
L,;-edge and O K-edge XAS spectra for polarizations E||x and
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Figure 2. (a) Schematic of the nanoribbon with the crystal axes
defined. (x,y,z) are axes relative to the NR while X,Y,Z are fixed world
axes. (b) Alignment of crystal and world axes for the normal geometry
(flat plate, tilt angle = 0°). (c) Axes and E-vectors for the tilted
geometry (in our case, tilt angle 6 = 32°) .

E||y are obtained when the sample plate is mounted orthogonal
to the beam propagation direction.

Figure 2c shows the geometry when the sample plate is tilted
by 0 about the x axis and the two E-vectors are still kept along
the fixed world axes X and Y, respectively. In this case the XAS
spectrum acquired with the E-vector along the Y axis is a
combination of the spectra for E||y and E||z polarizations while
the XAS spectrum acquired with the E-vector along the X axis
still only provides the spectrum for E||x polarization.

In the dipole approximation the X-ray absorption intensity is
proportional to the square of the transition matrix element:

I ~ I{fIE-rli)l? (1)

where (f and i) are the final and initial states of the transition, E
is the electric field vector, and r is the electric dipole transition
operator. In the fixed world frame (X,Y,Z), the two chosen light
polarizations are always E; ~ X and E, ~ Y. Before tilting, the
sample frame (x,y,z) coincides with the world frame (Figure
2b). Tilting corresponds to a rotation of the sample about the
x-axis by an angle 0. So after tilting we have E; ~ X = x and E,
~ Y =y cos @ + z sin 6 (Figure 2c). In the following we
consider a monoclinic system with unique axis b ~ y,
corresponding to the structural model assumed (see next
section). In this case, the absorption spectrum for linear
polarized light can be written as

Ia, ¢) = I, cos® & + sin” a(l, cos” ¢ + I sin® ¢

+ 2I, cos ¢ sin ¢) ()

where I, I, I, are the spectra with polarization along the
Cartesian crystal axes x, y, z, I, ~ Re{(ilxlf)(flzli)} is a cross
term, a is the angle between E and the y-axis, and ¢ is the angle
between the x-axis and the projection of E onto the (x,z) plane.
From eq 2, polarization E; ~ X (a = 90°, ¢ = 0°) yields the
spectrum I, while E, ~ Y yields I, before tilting (a = 0), but

2 )
Iy = I, cos” 0 + I, sin” 0 3)

after tilting (@ = 6, ¢ = 90°). Thus, I, and I, are measured
directly and I, can be obtained from I, and Iy, by using I, = (L
— I, cos® 0)/sin® 0.

Our analysis assumes that the long dimension of the
nanoribbon (sample y-axis) coincides with the monoclinic b-
axis of the sample, which is well established in ref 30. However,
the orientation of the x and z sample axes within the crystal
plane (a,c) is not obvious from the morphology of the ribbons.
To proceed we initially assumed that the sample x-axis
coincides with the crystal g-axis. This assumption was verified
by the good agreement of the calculated and experimental
polarization dependent Ti 2p spectra.

Structural Model and Chemical Bonding of (Na,H)Ti
NR. The measured Na:Ti:O atomic ratio in the (Na,H)Ti NR
sample was 1.05:3.00:8.00 (Figure 1c). This agrees well with
the 1:3:9 atomic ratio in NaTi;O4(OH)-2H,0, which was
recently proposed as the crystal structure of (Na,H)TiNR.*’
The slightly smaller O content in the present sample could be
due to the presence of O vacancies, a lack of intercalated water,
or surface effects. Note that the Na:Ti ratio of 1:3 indicates
large Na—H cation exchange and rules out simpler titanate
structures such as H,Ti;0,”~ and Na,Ti;O,.* The theoretical
calculations below have been performed assuming the
NaTi;O4(OH)-2H,0 crystal structure®® shown in Figure 3

@ i ©0 O Na CO H

Figure 3. Crystal structure of NaTi;O4(OH)-2H,0 as optimized by
DFT (density functional theory) calculation and viewed along [010].
The Ti, O, Na, and H atoms are labeled in blue, red, yellow, and white,
respectively. This is the assumed structure of the (Na,H)Ti NR under
study. The green circles indicate the Ti—O—Ti zigzag bonded “outer”
oxygen atoms discussed in the text.

with Ti, O, Na, and H atoms in blue, red, yellow, and white
color, respectively. The O sites in the NaTi;O¢(OH)-2H,0
structure can be distinguished according to the number of Ti—
O bonds. The O sites in the H,O and OH groups have zero
and one Ti—O bond, respectively. Half of the remaining O sites
(three per formula unit) are located inside the sheets. They are
three-dimensionally bonded to three or four Ti atoms. As a
consequence, their contribution to the dichroism is small.
Indeed there cannot be any linear dichroism in O 1s X-ray
absorption for an oxygen site with tetrahedral symmetry. The
remaining three sites are at the “surface” of the titanite sheets.
These “outer” O sites are indicated with green circles in Figure
3. They make two Ti-bonds, approximately at right angles,
which lie in the xz-plane. The Ti—O bonding of these O sites is
schematically described in Figure 4, where the axes have been
rotated around y for clarity of the argument and exact right
angles are assumed. The O 2p_* orbital makes a o-bond with
the 3d,? orbital of Ti-1 and a z-bond with the 3d,, orbital of Ti-
2. For the O 2p,* orbital (not shown) it is just the opposite. So
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Ti-1
3d?

Figure 4. Schematic representation of the anisotropic Ti—O bonding
of the “outer” O-sites (green circles in Figure 3) in NaTi;O4(OH)-
2H,0.

both O 2p,* and O 2p,* make one o- and one 7-bond with the
Ti neighbors. In contrast, as clearly seen in Figure 4, the O 2p *
orbital can make only z-bonds with Ti. This shows that, for the
“outer” O sites, the Ti—O bonds are of 50% ¢ and 50% = type
for an O 2p lying in the x—z plane, but it is of 100% 7 type
when the O 2p orbital is oriented along the y direction. This
anisotropy explains the strong linear dichroism observed at the
O 1s edge as discussed below.

Experimental XAS Spectra of (Na,H)Ti NR: Compar-
ison to Calculation. Figure Sa is a STXM transmission image

Figure S. (a) STXM transmission image of (Na,H)Ti NR measured at
465 eV. (b) Transmission electron microscopy (TEM) image of the
(NaH)Ti NR measured after the STXM measurements: The red arrow
indicates the carbon built up during the STXM measurements. The
dotted rectangle identifies the individual (Na,H)Ti NR from which the
3D dichroic spectra were measured.

of the selected (Na,H)Ti NR sample measured at photon
energy of 465 eV. Figure Sb is a TEM image of the same NR
recorded after the STXM measurements. The purple rectangle
superimposed on each image indicates the specific NR for
which the 3D dichroism was measured.

Figure 6a presents the experimental Ti 2p XAS spectra of the
(Na,H)Ti NR with the E-vector along sample axes x, y, and z.
Figure 6b presents the corresponding theoretical spectra
calculated with the multichannel multiple scattering method.
The experimental Ti 2p XAS spectra plotted in Figure 5 were
extracted from the whole nanorod. We also examined the Ti 2p
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Figure 6. (a) Experimental and (b) calculated Ti 2p X-ray absorption
spectra of the (Na,H)Ti NR for the E-vector along the x (green), y
(blue), and z (red) orthogonal axes. Directions x and y coincide with
the crystal axes a and b, respectively, but z is different from ¢, see
Figure 3. The spectra for E||x and E||y were measured directly in the
normal geometry, while the spectrum for E|lz was derived from
measurements in the normal and tilted geometries, as described in the
text.

spectra from three different sections of this nanorod and found
that there is negligible difference in spectral shape of dichroic
changes at the different locations sampled, as shown in Figure
S-1. Note that the onset of the derived E||z spectrum was 0.33
eV below the onsets of the E||x and E||y spectra, but it has been
shifted 0.33 eV to higher energy in Figure 6a. The E|z
spectrum was not directly measured in the experiment but
mathematically derived using eq 3, which might be a factor in
the lower energy of the E|z spectrum. Ti L,; XAS spectra
exhibit a four band structure in the energy range between 455
and 470 eV, correspondmg to excitations of a Ti 2p electron to
an empty Ti 3d level.“The four peaks are divided into two
main bands because of spin—orbit splitting of the Ti 2p core
level into the L; (2ps/,) and L, (2p;/,) components. Moreover,
for TiOg octahedra, the Ti 3d level is further split into triply
degenerate t,, (d,, d,, and dy) and doubly degenerate &
(dy_ and dy2 g) levels, due to the octahedral crystal field of six
surroundmg oxygen atoms." Though the exact point symmetry
of the chemically distinct Ti sites in (Na,H)Ti NR is distorted
from octahedra, the four peaks in the recorded Ti L,;-edge
XAS spectrum are still labeled as Li-ty,, Ly-e,, L- tzg, and L-e,
for simplicity. The Ti t,, orbitals (d,, d., and ,) point in
between the oxygen neighbors, Wthh interact w1th p. and p,
orbitals of oxygen and form 7-type bonds. On the other hand,
the Ti e, (dz_> and d2) orbitals point directly toward the
oxygen ligands, leading to formation of strong o-type bonds
with p, orbital of oxygen. Because of the overlap of the Ti e &
and O p, orbitals, the o-bond is stronger than the z-bond.”
Consequently, the e, peaks in the Ti L,; XAS, which
correspond to the antibonding ¢* states, are higher in energy
than the t,, peaks (7* states) as seen in Figure 6. A prominent
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difference between the Ti L,; XAS spectra of (Na,H)Ti NR and
that reported for anatase TiO,"”* is the line shape of the Ls-e,
band. While there is a single peak in (Na,H)Ti NRs, the
corresponding L;-e, band splits asymmetrically in anatase TiO,.
Using the multichannel multiple scattering (MCMS) method,
Kriiger attributed the Lj-e, peak splitting in anatase to a
nonlocal effect related to the connectivity of TiO4 octahedra
rather than the distortion of the oxygen octahedral.”® The
absence of this splitting indicates that the pattern of connecting
TiO4 octahedra in the (Na,H)Ti NR differs from that in
anatase. For the (Na,H)Ti NR there are systematic changes in
peak positions and intensity ratios of the Ly-t,, to Ly-e; and L,-
tyy to L,-e, among the three different light polarizations, ie.,
there is significant linear dichroism in the Ti 2p spectra of
(Na,H)Ti NRs. The fact that dichroism gives rise to apparent
energy shifts’' is very unusual when compared to the typical
linear dichroism of the X-ray absorption of small molecules
adsorbed to metal surfaces which involves intensity variation
only.” We explain these shifts as a consequence of the complex
overlap of spectra from the multiple chemically distinct sites in
the (Na,H)Ti NR, along with a direction dependent signal for
each site. The t);—e, peak splitting is smaller for E||y than for
El||x and E||z, in both the L; and L, parts of the spectrum.
Further, the intensity ratio of the Ly — t), to Ly — e,
transitions is much larger for El||z than for El||x and E|y.
Both of these dichroic effects are nicely reproduced in the
calculated spectra, demonstrating the highly anisotropic ligand
field of the Ti ions. It has been shown that Ti(IV) has a more
intense Ly — t,, peak than Ti(II).**° Thus, the polarization
dependent Ly — t,, to Ly — e, intensity ratio suggests that
there may be a different chemical and bonding environment
along each dimension in the (Na,H)Ti NR.

As support for our speculation that some of the Ti atoms
could be in a reduced oxidation state, Figure 7 shows the Ti 2p
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Figure 7. X-ray photoelectron spectrum of the sample. The peak fit
analysis indicates that 8 atom % of all titanium is Ti(IIL).

X-ray photoelectron spectrum (XPS) of the same (NaH)Ti
NR sample, which is fit using four peaks: Ti*" 2p, 5, Ti** 2p; 5,
Ti*" 2p, 5, and Ti** 2p,,. In addition, the peak fit also indicates
that almost 8% of all titanium atoms in the sample are Ti(III).
Considering that XPS is a surface-sensitive technique, it is
reasonable to expect that there may be even more Ti(IIl) in the
bulk. Wu et al.’" reported a similar XPS study of anatase TiO,
nanowires, and they found significant Ti(IIl) signal, which they
attributed to oxygen vacancies. Therefore, we suggest that some
of the polarization-dependent changes in Ti 2p XAS spectra

may be associated with a larger number of oxygen vacancies in
the x—y plane than along the z dimension (see Figure 4). There
is precedent for site specific oxidation differences, such as the
difference in Fe(II), Fe(IlI) content in the octahedral and
tetrahedral sites of magnetite.”” X-ray absorption methods have
been used previously to identify variable oxidation state
situations in Prussian Blue, Fe,[Fe(CN)4];-xH,0;” in Mn-
based Heusler compounds;>* and in the cuprate high-T.
superconductors.” In the latter case there is a strong
directional dependence of the charge state.

However, it is important to note that other factors, such as
nonstoichiometric synthesis and nonuniform chemical compo-
sition along the nanorod, could explain our experimental
results. With respect to the latter possibility, Figure S-1 shows
that the spectra for a given dichroic condition are rather similar
in 3 different regions of the (Na,H)Ti NR, suggesting that the
chemical composition along the nanorod is quite uniform.

Figure 8a presents the experimental O 1s spectra of the
(Na,H)Ti NR for situations where the E-vector lies along
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Figure 8. (a) Experimental and (b) calculated O 1s X-ray absorption
spectra of the (Na,H)Ti NR for orientations of the E-vector along the
x (green), y (blue), and z (red) crystal axes. The spectra for E||x and
E|ly were measured directly in the normal geometry, while the
spectrum for E||z was derived from measurements in the normal and
tilted geometries, as described in the text.

sample axis x, y, and z while Figure 8b presents the
corresponding calculated O 1s spectra. For comparison, we
have also calculated O 1s spectra for H,Ti;O,”> and
Na,Ti;O," (see Figure S-2). The calculated O Is spectrum
of Na,Ti;0, strongly disagrees with the experimental data
(Figure S-2a). The H,Ti;O, spectra agree better, but not as
well as that calculated for NaTi;O4(OH)-2H,0, especially for
the broad feature around 540 eV (Figure S-2b).
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In addition, the H,Ti;O, structure can be ruled out because
of the presence of about 8.7 atom % Na, as evidenced by EDX
in Figure lc. In Figures 8a and 8b, the first two peaks, labeled as
A and B, are assigned to transition of O 1s electrons to O 2p—
Ti 3d hybridized levels which further split into t,, (A) and e,
(B) states due to the approximately octahedral ligand field. The
multiple peaks between 535 and 550 eV are attributed to O 1s
excitations to O 2p—Ti 4s and O 2p—Ti 4p hybridized levels.
Since the e, (Ti do_ and Ti d,?) orbitals point directly toward
the oxygen ligand, the O 1s — e, line shape is very sensitive to
the local environment.*® Thus, the intensity ratio of peak A and
peak B (A/B intensity ratio) can be used as a fingerprint to
provide insight into the origin of linear dichroism in (Na,H)Ti
NR. The A/B absolute intensity ratios are different in the
experimental (Figure 8a) and calculated O 1s spectra (Figure
8b). However, the trends in changes of the A/B intensity ratio
among the experimental spectra with the E-vector aligned along
three directions (x, y, and z) are similar to those for the A/B
intensity ratio in the calculated results. In particular, the A/B
intensity ratio is about 1 for E||x and E||z polarization, while it
is much larger than 1 for E|[y. The origin of this dichroism is
discussed in the following.

Peak A in the O 1s XAS spectra mainly reflects z-bond
formation between Ti 3d (t,,) and O 2p levels while peak B
mainly reflects the character of the Ti orbitals which form o-
bonds between Ti e; and O 2p levels. The Ti—O bonding of
the “outer” O sites (green circles in Figure 3) which make Ti—
O-Ti zigzag bonds in the xz plane, is strongly anisotropic. As
explained above (Figure 4), the O p,* and O p,* orbitals of
these O atoms make Ti-bonds with 50% o and 50% 7 character.
The O Py orbital, however, makes a 100% 7 bond. Therefore,
when the electric field vector is in the (x,z) plane, and the O
p.* or O p,* states are probed, half of the excited transition has
O 1s = 7* and half has O 1s — ¢* character. Thus, peak A has
almost the same intensity as peak B for El|lx and E||z
polarizations. On the other hand, when the E-vector lies along
dimension y (transition to O p,*), the O 1s — 7* is electric
dipole favored, which causes the intensity of peak A to be larger
than that of peak B. The same intensity ratios are expected for
the O atom in the OH group, since its Ti—O bond also lies in
the ac-plane. However, in this case, the two in-plane O p
orbitals (p,* and p,*) are no longer equivalent. The situation is
further complicated by the O—H bond, which can considerably
modify the spectral shape.*” Since the inner O atoms have very
little dichroism, the overall dichroism is about half of the
“outer” O atoms. Assuming an A/B intensity ratio of about 1
for inner O atoms*” we obtain a rough estimate of the total A/
B intensity ratio, namely, about 1 for E||x and E||z polarizations
and about 2 for E|[y. These estimates are in good agreement
with experiment and the detailed quantum calculations. As
mentioned in Figure 6, the smallest energy splitting of Ls-t,,
and L;-e, was observed for E|y in Ti 2p XAS spectra. However,
peak A in the experimental O 1s XAS spectrum for E||y lies at
lower energy compared with E|lx and E||z, and so the A—B
peak splitting is largest for E||y. Since the two E vectors (E||x
and E||y) were alternated at each energy to ensure the same
energy scale, the negative shift of E||y in the experimental O 1s
XAS spectrum cannot be a measurement artifact but instead
must be related to the intrinsic properties or structures of the
(Na,H)Ti NR. Several factors not taken into account in the
calculation could affect the O 1s spectra such as a possible
anisotropy of the core-hole screening, absorbance by extra
molecular H,O or OH species, or the presence of excess Na'.

At present, we do not know the specific reason for this
discrepancy, but it could be an indication that the structure of
the nanoribbon is more complex than the single crystal
structure assumed in the calculations.

B DISCUSSION

The Ti 2p and O 1s XAS spectra clearly show distinct
differences among three symmetry axes (x,,z) in the (Na,H)Ti
NR, which were observed in both experiment and calculation.
Figure S-3 presents experimental Ti 2p and O 1s XAS spectra
of a different (Na,H)Ti NR, which shows similar results. The
XPS spectrum indicates ~8% Ti(IIl), which might arise from
oxygen vacancies in the (NaH)Ti NR. If these vacancies were
preferentially located along specific directions in the crystal
structure, they could give rise to polarization-dependent
features in Ti 2p XAS spectra, in analogy to directionally
dependent spectra reported in other systems.”>”>> Moreover,
because of covalent interactions between O 2p and Ti 3d states,
the Ti ion valence character has a direct effect on the empty O
2p states, which can be observed in the O Is spectra. For
example, in the case of Nd;_,TiO; (x = 0 to 0.33),” the first
peaks in the O 1s spectra move ~1 eV to higher energy when x
decreases from 0.33 to 0, which corresponds to conversion of
Ti(IV) to Ti(III). For the NaTi;O4(OH)-2H,O NR system this
is well reproduced in the calculated O 1s spectra (Figure 8b)
since peak A in dimensions x and y, which have more Ti(III)
character, moves about 0.3 eV higher compared with dimension
z, which has more Ti(IV) character. On the contrary, peak A in
the spectrum with the E-vector along dimension y in the
experimental O 1s spectra (Figure 8a) lies at the lowest energy.
Further investigation of this discrepancy between calculation
and experiment is needed.

Polarization-dependent XAS measurements have been
performed previously on large single crystals by changing the
position of créystallographic directions relative to the incident X-
ray beam.”*~°° However, to the best of our knowledge, spectra
along 3 orthogonal directions of an individual anisotropic
nanostructure have not been measured previously. More angles
should be measured in the future to improve the quality of the
results. Preliminary studies of this type have been made®' but
not in all 3 directions. Briefly, the methodology for 3D dichroic
STXM measurements developed in this study can be used to
study the 3D electronic and structural properties of other
anisotropic nanomaterials such as nanobelts and nanowires, as
well as other anisotropic systems which possess linear
dichroism at the O K-edge such as the polymorphs of
TiO,,”* VO,,* V203,64 and other distorted rutile-like oxides
(WO,, MoO,, NbO,).®

B SUMMARY

3D polarization-dependent XAS studies on an individual
sodium titanate nanoribbon, (Na,H)Ti NR, were performed
using STXM. By using a spatial resolution better than the size
of the nanostructure we have measured core level electronic
excitation spectra along 3 directions. The combination of good
control of E-vector—sample orientation and spatially resolved
spectroscopy—which has only recently become available with the
very best STXM beamlines—has enabled this work. A significant
linear dichroism was observed in both Ti 2p and O 1s spectra.
The transitions exhibiting dichroism are associated with upper
levels related to the Ti—O—Ti bond in the x—z plane of the
nanoribbon. First-principles calculations of the dichroic spectra
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were reported. The calculated spectra are generally in good
agreement with the experimental results. The methodology for
3D dichroic STXM measurements developed in this study is a
way to investigate the electronic and structural properties of
anisotropic nanomaterials which could be applied to probe 3D
electronic properties of other solid nanostructured materials
such as nanobelts and nanowires.
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