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We report an experimental evidence that the initial sticking probability (S0) of O2 on a clean Si(100) surface
depends strongly on the alignment of O2 molecules. S0 was measured with a single spin-rotational state [(J,M) =
(2,2)] selected O2 (3�−

g ) beam. The temperature and translational energy dependence of S0 indicate that oxidation
via the direct process gives a sticking probability ratio of 1.7 between “helicopter” and “cartwheel” geometries,
while the indirect process dominant at low temperatures and translational energies exhibits no appreciable steric
effects. The present experiment reveals that oxidation via the direct process occurs only when the molecular axis
is nearly parallel to the surface.

DOI: 10.1103/PhysRevB.85.161302 PACS number(s): 68.49.Df, 34.50.Lf, 68.47.Fg, 79.20.Rf

Reactions with molecular oxygen are of vital importance in
many fields of natural science such as combustion, atmospheric
chemistry, and surface science. Since an O2 molecule has an
anisotropic shape, the final product and/or the rate of oxidation
could depend on its relative geometry. However, how such
steric effects appear in individual oxidation reactions is not
clear at all. For instance, the O2 adsorption on clean metallic
surfaces, although the preference of the geometry in which
the O2 axis is parallel to the surface has been theoretically
predicted,1–3 no such preference has been detected for clean
Pd(100)4,5 and Ag(100)5 surfaces. The same questions may
arise for clean semiconductor surfaces like Si. Indeed, the
initial stage of Si oxidation has been studied extensively6–15

due to its importance in semiconductor technology. No
experimental observations, however, have been reported for
the steric effects in the Si oxidation. Instead it is known that
the O2 dissociation on Si is quite inefficient and therefore
the rate-determining step in the oxide growth.6 Actually, the
initial sticking probability (S0) of O2 on Si(100) is <0.2
even at the translational energy (ETE) of 0.3 eV and at the
substrate temperature (TS) of 1000 K.8 However, the origin
of this inefficiency is not understood well. Narrowness of the
barrierless channels leading to the O2 dissociation has been
suggested to be one of the origins,9 but the recent calculation11

does not support this. The inefficiency in the triplet-singlet
conversion of an O2 molecule moving at a finite velocity
has also been considered as another factor.9,11 It might be
reasonable to expect that the low S0 is associated with the
stringent geometrical requirement for the O2 dissociation,
but this is not clear because recent calculations10,11 have
predicted rather low activation barriers (0.1–0.2 eV) for the
perpendicular geometry.

In the present study, using a single spin-rotational state-
selected O2 beam developed recently by the authors,16 we have
found that in the case of the direct process, O2 reacts with a
Si(100) surface only when the molecular axis is nearly parallel
to the surface. This tendency persists even at ETE > 0.3 eV,
indicating that the activation barrier for the perpendicular
geometry is much higher than 0.3 eV. The present study
indicates that an O2 beam with a definite rotational state
permits a quantitative analysis of directionality in O2-surface
interactions.

To investigate the steric effect in oxidation, we need an
O2 beam with a well defined rotational state. A magnetic

deflection technique permits the production of such a beam
because the magnetic moment of O2, which originates from
its spin, depends also on the rotational angular momentum
(K).16–18 The quantum states of O2 are represented with the
total angular momentum (J ) and its field projection (M).17–19

In the state (J,M) = (2,2), since the rotational state is nearly
specified to be K = 1 and MK = 1,16,19 the probability
distribution for the O2 axis direction is approximately equal to
the square of the spherical harmonic function |Y 1

1 |2 (∝ sin2θ ),20

where θ is the polar angle relative to the magnetic field (H )
direction [see Fig. 1(a)]. If we prepare an O2 beam in the
(2,2) state and transport it adiabatically to the sample position,
we can realize the so-called helicopter/cartwheel geometries
by directing H perpendicular/parallel to the surface [see
Fig. 1(b)]. Because the molecular axis tends to be parallel to
the surface for the helicopter geometry while both parallel and
perpendicular configurations occur in the cartwheel geometry,
the comparison of these two geometries enables us to discuss
the steric effects in O2-surface interactions. We note that the
effect of the rotational motion can be neglected because the
rotational energy for the O2 K = 1 state (∼0.3 meV, see
Ref. 17) is much smaller than the O2 translational energies
discussed in this study. In the present experiment, the O2

molecules in the (2,2) state selected by a hexapole magnet16

were adiabatically transported to the analysis chamber, and the
H direction at the sample position was controlled with three
pairs of Helmholtz coils. Similar control of the quantization
axis with H was successfully conducted for measuring the
surface spin polarization with a triplet metastable He beam.21

The velocity of the (2,2) beam, which was controlled by
changing both the ratio of the O2/He gas mixture in the
nozzle and the number of the hexapole magnet elements, was
determined with a Stern-Gerlach analysis.16

The sticking measurement was performed using the King-
Wells method22 at normal incidence. An ion gauge (IG) was
used to monitor the O2 pressure during the sticking because of
its high collection efficiency compared to a quadrupole mass
spectrometer (QMS). Measurement with an IG was enabled
because of the focusing effect of O2 by the hexapole magnet,
which allows O2 to be the main content of the gas in the
analysis chamber even at a low O2/He mixing ratio of <5%.
The sequence of measurement is illustrated in Fig. 1(c). The O2

beam was introduced to the analysis chamber at t = t1 with the
shutter closed. Both O2 and He contributed to the pressure rise

161302-11098-0121/2012/85(16)/161302(4) ©2012 American Physical Society
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FIG. 1. (Color online) (a) Polar plot of the probability distribution
for the angle between the molecular axis of O2 [(J,M) = (2,2)] with
respect to the magnetic field direction. (b) Control of the helicopter
and cartwheel geometries by the magnetic field direction. (c)
Illustration for the sticking probability measurement and the raw data.

at t = t1, but the contribution of O2 [P (O2)] was determined
using a QMS after the sticking measurement. After opening
the shutter at t = t2, the pressure decreased by �P due to
sticking onto the surface. Here, the sticking probability (S)
is given by �P/P (O2). The helicopter/cartwheel geometries
[see Fig. 1(b)] were switched by changing the H direction
(|H | = 1 G) every second following the control signal shown
in Fig. 1(c). The IG was shielded with permalloy plates
to eliminate the effects of the magnetic field on the ion
current. The modulations observed in the IG signal reflect the
difference in S between the two geometries. Figure 1(c) shows
that the helicopter geometry, which exhibits larger �P , results
in higher S, indicating that O2 molecules parallel to the surface
are more reactive than those perpendicular to the surface. The
pressure recovered when the reaction was stopped by closing
the shutter at t = t3. The IG signal showed no modulations
after t = t3 although the field switching continued, indicating
that the effect of the field change on the IG signal was almost
completely removed. The beam flux was set to be ∼5 × 1013

molecules/cm2/sec (∼0.04 monolayers/sec) by adjusting the
position of the O2 beam source.

A piece of n-type Si wafer (resistivity <0.02 � cm) with
a size of 25 × 5 × 0.5 mm was used as a sample. The sample
surface was cleaned by direct resistive heating at 1473 K for
10 seconds followed by a gradual cool to 300 K. After this
treatment, the low-energy electron diffraction pattern of the
surface showed sharp spots corresponding to a clean Si(100)
surface. The base pressure of the analysis chamber was better
than 5 × 10−9 Pa.

The sticking curves measured at two different ETE show
different TS dependencies similar to previous studies (see
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FIG. 2. (Color online) The time evolution of the sticking proba-
bility (S) measured at various substrate temperatures. The results for
two different translational energies of 0.10 and 0.31 eV are presented.

Fig. 2).8,12,13 S decreases drastically with TS at ETE = 0.10 eV,
while it is less sensitive to TS at ETE = 0.31 eV [see Figs. 2
and 3(a)]. This behavior has been explained as the coexistence
of the precursor-mediated process and the direct process.8,12,13

The former depends largely on TS and dominates at lower ETE

and TS , while the latter is insensitive to TS and dominates
at higher ETE and TS .8,12,13 Recent molecular dynamics
simulations have, however, suggested that the efficient sticking
at low ETE and TS is due to the dynamical steering mechanism
in which the low velocity molecules tend to be redirected to
preferred orientations at lower TS .1,23 In the following, we
denote the process mediated by a precursor or the dynamic
steering mechanism as the indirect process.

It is necessary to clarify how the indirect and direct pro-
cesses contribute to the observed difference in S between the
helicopter [S(H )] and cartwheel [S(C)] geometries. Note that,
although both S(H ) and S(C) show definite TS dependencies
especially at ETE = 0.10 eV [see Figs. 2 and 3(a)], their
difference is nearly temperature independent at TS < 300 K
[see Fig. 3(b)]. This indicates that the temperature-independent
process, i.e., the direct process, is the main cause of the
observed steric effects. In contrast, the ratio S0(H )/S0(C) ap-
proaches to unity with decreasing TS < 300 K [see Fig. 3(c)],
indicating that the indirect process, which becomes dominant
at lower TS , has no appreciable steric effects. If the precursor
mechanism is operating, the present results mean that the
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for the helicopter geometry, (b) the difference in S0 between the
helicopter [S0(H )] and cartwheel geometries [S0(C)], and (c) their
ratio. (d) The ratio in S0 estimated for the direct process at various
translational energies. The sticking probabilities measured at TS =
320–360 K were used for the estimate. The line is a guide to the eye.

steric effect in the O2 trapping process is negligibly weak.
Considerable steric effects have been detected in the trapping
probability of heteronuclear molecules,24,25 but such effect
might be weaker in homonulear molecules like O2 because the
anisotropy in the molecule-surface interaction potential would
be much smaller.

Figure 2 shows that S initially increases, exhibits a broad
peak, and then decreases with the exposure time. This means
that the surface becomes more reactive to O2 by adsorbing
a small amount of O2. This tendency is remarkable when
the indirect process is dominant, i.e., at lower ETE and TS .
In addition, Fig. 2 shows that S(H)-S(C), which may reflect
the contribution of the direct process, decays slowly and
monotonically without showing any peaks. Considering these
results, the broad peak in S is expected to originate from the
indirect process. To the best of our knowledge, there have
been no reports on such an initial increase in the oxidation
rate of Si(100). It has, however, been reported that Si atoms
are ejected toward the surface14 and that the surface work
function decreases at the early stage of oxidation.15 These
phenomena, which have been ascribed to oxygen occupation
of the dimer backbond site,14,15 might be associated with the
observed initial increase in the oxidation rate. We note that the
S0 values reported previously8,13 are larger than those shown in
Fig. 3(a). This might originate from the shape of the sticking
curve (see Fig. 2). Although our S0 values are those taken
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FIG. 4. (Color online) (a) The coordinate of an O2 molecule
relative to the surface. (b) The normalized initial sticking probability
measured at ETE = 0.31 eV and TS = 340–350 K as a function of
the polar angle α. The solid curve is a fit to the sin2α dependence
described in the text.

just after opening the shutter, the reported values8,13 are close
to those at the peak. Previous studies8,13 might be unable to
resolve the initial increase in S and took the peak value as S0.

The steric factor for the direct process [SD
0 (H )/SD

0 (C)]
can be estimated as follows. Since the sticking curves in
Fig. 2 involve the contribution of the indirect process, we
need to subtract its contribution (SI ) to derive SD

0 (H )/SD
0 (C).

As noted above, the broad peak in the sticking curve can be
assigned to the indirect process. A background resulting in the
broad peak is shown with a shaded area in the sticking curve
measured at TS = 329 K and ETE = 0.10 eV (see Fig. 2).
This corresponds to the lowest estimate for SI obtained by
assuming SI = 0 at the moment of the shutter opening. The
steric factor obtained after subtracting SI estimated in this way
[see Fig. 3(d)] can therefore be regarded as the lower limit of
SD

0 (H )/SD
0 (C).

How does the chemisorption rate of an incident O2 molecule
(R) depend on the direction of its axis relative to the surface?
R may depend on the polar and azimuth angles of θ and φ

relative to the surface [see Fig. 4(a)]. In the following, however,
we neglect the φ dependence and later show the validity of
this assumption. Considering the probability distribution of
the molecular axis direction for the O2 (2,2) state, the ratio
of R averaged over the helicopter (RH ) and cartwheel (RC)
geometries, which is equal to the ratio S(H )/S(C), is given by

RH

RC

=
∫ π

2
0 R(θ ) sin3 θdθ

∫ π
2

0 R(θ ) sin θdθ − 1
2

∫ π
2

0 R(θ ) sin3 θdθ
. (1)
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If the quantization axis for the (2,2) state has a polar angle α

relative to the surface normal, the analytical expression for the
averaged reaction rate Rα is reduced to Rα = RH + (RC −
RH ) sin2 α. This relation was verified by measuring S as a
function of α [see Fig. 4(b)]. This is also an experimental proof
that the quantization axis is successfully controlled using the H

direction. We changed the H direction within the surface plane
and measured the variation of S to detect the φ dependence in
R. However, the difference in S between H//[001] and [011]
was <1% of S0. The φ dependence can therefore be neglected
in the present case.

The characteristics of R(θ ) are analyzed as follows for
the direct process. Following Eq. (1), RH/RC is equal to
1 when R(θ ) is a constant, while it has a higher limit of
2 when R(θ ) = δ(θ − π/2). To reproduce the experimental
value of SD

0 (H )/SD
0 (C) ∼ 1.7 [see Fig. 3(d)], R(θ ) therefore

needs to have a larger value at around θ = π/2. If we assume
R(θ ) = 0 and 1 at θ = 0 − χ and χ − π/2, respectively,
χ = π/3 gives RH/RC ∼ 1.7. This means that in the case of
the direct process, only those molecules tilting to the surface
plane within 30◦ react with the Si(100) surface. As mentioned
above, because the steric factor shown in Fig. 3(d) gives a
lower limit of SD

0 (H )/SD
0 (C), the angular range within which

the reaction occurs should be narrower than this. This almost
exclusive preference for the parallel geometry is one of the
origins for the inefficient O2 dissociation on Si(100).

We note the followings as to the oxidation mechanism
discussed in recent theoretical studies. First, Fig. 3(d) shows
that the steric factor doesn’t change largely with ETE < 0.3 eV,
indicating that the activation barrier for the perpendicular (θ =
0) geometry is much higher than 0.3 eV. The activation barrier
estimated by recent simulations (0.1–0.2 eV)10,11 cannot
explain this. Second, the ETE dependence of the steric factor
in S0 [see Fig. 3(c)] does not support the triplet-singlet (T-S)

conversion model9,11 suggested for explaining the decrease
in S0 with ETE at <0.1 eV. The decrease of S0 with ETE

has been attributed to the decrease in the T-S conversion rate
with the increase of the O2 velocity based on the Landau-
Zener-Stueckelberg theory.9,11 If this is true, S0(H )/S0(C)
would not depend on ETE because both S0(H) and S0(C)
should be proportional to ETE

− 1
2 .9,11 Recent calculations

of the O2 dissociation on Al(111) have indicated that the
activation barriers for both the parallel and perpendicular
geometries substantially increase by implementing the locally
spin-constrained density functional theory.3,26 Si has no free
electrons unlike Al, but similar increase in the activation barrier
might occur because Si surfaces have metallic dangling bonds
extending toward vacuum. A calculation including both the
nonadiabatic effect and the spin selection rule might resolve
the inconsistency between the experiment and the theory for
the O2 sticking on Si(100).

In summary, we have clarified the almost exclusive pref-
erence for the parallel geometry in the Si(100) oxidation via
the direct process. Since the direct process is dominant at
high-temperature conditions,8,12,13 the alignment control of O2

might be effective for controlling the thermal oxidation of Si
used for fabricating high performance devices. The present
study has also established a precision method enabling analyt-
ical evaluation of the directionality in O2-surface interactions.
Steric effects may play important roles in oxidation processes
in which the O2 dissociative adsorption is inefficient. The
present method would be useful to analyze the mechanism
of such processes.
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Evaluation of robustness to surface conditions
of the target factor analysis method for
determining the dielectric function from
reflection electron energy loss spectra:
Application to GaAs
H. Jin,a H. Shinotsuka,a H. Yoshikawa,a* H. Iwai,a M. Arai,a S. Tanumaa

and S. Tougaardb
Target factor analysis (TFA) of a series of angle-resolved reflection electron energy loss spectra (REELS) was recently demonstrated
to be a useful method to determine bulk energy loss functions (ELFs), which by the TFA are separated from the surface-loss struc-
tures of REELS. The dielectric function is then readily derived by Kramers–Kronig analysis of the ELF. The advantage of themethod
comparedwith othermethods, which are also based on the analysis of REELS, is that the condition of the outermost surface region
is unimportant because the excitations that occur there are removed by the TFA and ideally a pure bulk component is determined.
Ourmethod is thus particularly useful for determining the ELF from compoundmaterials that are hard to cleanwithoutmodifying
the outermost atomic layers. In this paper, the robustness of the method was studied by applying it to three GaAs samples with
different surface compositions caused by different surface cleaning methods. The results showed that when electrons of energy
3000–4500eV were used, the resulting bulk ELFs were essentially identical except for small differences for the sample that had
the largest thickness of the modified surface layer. It is concluded that this is a useful method, provided that the thickness of
the modified layer is kept to a minimum by using shallow angle sputtering and by using REELS electrons at a sufficiently high
energy that a major part of the electron trajectories are at a depth larger than the thickness of the modified surface layer.
Copyright © 2013 John Wiley & Sons, Ltd.
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Introduction

Dielectric functions or optical constants (OCs) are essential for
describing interactions between electrons and materials.[1,2]

Furthermore, energy loss functions (ELFs), which are calculated
from dielectric functions or OCs, are fundamental physical quanti-
ties needed to obtain the electron inelastic mean free paths (IMFP)
and stopping powers in solids.[3–7] There are several ways to deter-
mine the dielectric functions of materials. The most common
method is based on optically measured data. However, optical data
tables found in handbooks usually consist of a combination of
various data sets from different publications, and for many materi-
als, there are no data in the 20–50 eV energy range.[8]

Different methods are currently applied to determine the dielec-
tric function from analysis of reflection electron energy loss spectra
(REELS).[9–13] Because REELS is very surface sensitive, thesemethods
require a clean surface and for compound materials a stoichiomet-
ric composition of the outermost few atomic layers of the material.
For elemental solids, it is usually not a problem to produce clean
surfaces. However, for compounds and oxides, it is very difficult
because traditional cleaning methods, which involve either chemi-
cal cleaning or ion bombardment of the surface to remove surface
contaminants, are likely to alter the composition of the outermost
layers. In addition, ion bombardment will produce damage of the
Surf. Interface Anal. 2013, 45, 985–992
crystal lattice and cause atomic mixing in a surface region.
Compounds and oxides are therefore likely to either have a surface
contamination layer or a changed composition in the outermost
few atomic layers. It is therefore questionable if these REELS-based
methods can be applied to determine the dielectric function of
compounds and oxides.

In a previous paper,[14] we proposed a simple and efficient
method for determining the OCs of a target material with target
factor analysis (TFA) of angle-resolved REELS (AR-REELS). This
method was applied to the analysis of AR-REELS of Si and SiO2

specimens and was superior to other methods because it did
not require theoretical information about the surface excitation
effect or surface ELF and was less sensitive to the exact condi-
tions in the outermost few nanometers of the sample than REELS
Copyright © 2013 John Wiley & Sons, Ltd.
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analyses by electron beam with an energy much less than 2 keV.
This method enables us to determine experimentally the bulk ELF
from a series of AR-REELS. In the present paper, we investigate
the extent to which this method is able to produce the same
dielectric function when applied to REELS from three GaAs
samples that have different surface-altered layers.
The altered layer may be expected to be 1–5nm thick, and for

the method to be applicable, it is necessary that the electrons in
the REELS experiment reach sufficiently large depths to make sure
that they have spent a significant part of their total trajectory in the
bulk region of the sample. For a 4000eV electron, the IMFP in GaAs
is approximately 7 nm, as estimated by the TPP-2M predictive IMFP
formula.[15] Thus, electrons in this energy range should ensure that
the electrons will carry information on the energy loss processes in
the bulk of the material. For this method to be valid, the deter-
mined bulk ELF must be independent of the surface condition of
the specimen. One of the purposes of this paper is to investigate
to what extent this assumption is true.
To this end, we have investigated the effect of surface cleaning

on the determination of the ELF for a GaAs specimen with AR-
REELS. We used two cleaning procedures. One method is the
commonly used Ar+ sputtering method. However, its use is likely
to result in crystal defects and compositional changes in the
near-surface region. The other cleaning method we used involves
washing the GaAs specimen with running deionized water with
ultrasonic vibrations. This method was previously shown to
produce a damage-free surface.[16–18]

To minimize the problems, we want to use low-energy Ar+

sputtering at a shallow incident angle to reduce the depth of the
damaged layer. Therefore, we used the TFA method to derive the
ELFs and OCs from a series of AR-REELS for GaAs samples cleaned
by Ar+ sputtering and by the damage-free deionized-water clean-
ing method, respectively, and compared the results to investigate
the possibility of using ion-sputter cleaning at a low-energy and
shallow incident angle. The primary energies of the electron beam
were 3000, 4000, and 4500 eV, which are higher than for a conven-
tional REELSmeasurement. They were chosen to ensure that part of
the electron trajectory was in a range beyond the depth at which
the surface was damaged. At low primary electron energies, the
coupling between surface and bulk excitations has a strong effect
even for an undamaged surface, and an accurate description of this
requires a more involved model.[9,12,19] This is another reason why
we used a higher-energy electron beam to obtain bulk ELFs as
simply as possible.
Experiments and analysis procedures

Commercial single-crystal p-type GaAs(100) (doped with Zn) speci-
mens were cleaned by Ar+ sputtering or ultrasonic running deio-
nized water (URDIW), because an untreated GaAs surface includes
native oxides. Ar+ sputtering was performed for 15 and 50min,
respectively under two sets of conditions for the incident energy
and angle: a normal condition (2000 eV, 30�) and a mild condition
(1200 eV, 7�). The incident angles of Ar+ ion beam were measured
with respect to the surface plane. The ion beam energy of
1200 eV was the lower limit of our equipment. For comparison,
another specimen was cleaned using URDIW, which is a promising
procedure for cleaning III–V semiconductor compounds.[16–18] It
can produce an oxide-free and damage-free GaAs surface within
1h. The oxygen dissolved in the deionized water plays an impor-
tant role, and the Ga and As oxide removal rates are greatly
wileyonlinelibrary.com/journal/sia Copyright © 2013 Joh
increased by reducing the dissolved oxygen concentration in the
deionized water. This deoxygenation was achieved by N2 gas
bubbling. First, the sample was chemically etched in NH4OH :H2O2 :
H2O=1 : 1 : 50 solution for 1min and then rinsed with deionized
water. Next, the etched sample was placed in a vessel and im-
mersed for 1 h in running deionized water with ultrasonic vibration.
The deionized water was deoxygenated in a container by bubbling
N2 gas through it. The URDIW cleaning was undertaken in a glove
box filled with N2 gas. Quantitative XPS analysis showed that the
composition of the GaAs surface after URDIW cleaningwas stoichio-
metric. On the other hand, the atomic composition of the GaAs
specimen after ion sputtering was slightly Ga rich in the surface
region. Ga oxide and As oxide XPS peaks were not detected for
the GaAs samples cleaned by URDIW and ion sputtering.

The angle-resolved and primary-energy-dependent REELS
measurements were performed for GaAs specimens cleaned by
normal Ar+ sputtering, mild Ar+ sputtering, and URDIW. The
electron incident angle for REELS was fixed at 30� to the surface
normal. The emission angles were changed from 15� to 75� with
respect to the surface normal by rotating the inclined specimen
holder. The primary electron beam energies were varied from
3000 to 4500 eV. The geometry and details of the REELS measure-
ments are reported in our previous work.[20,21]

A set of angle-dependent effective cross-section for single inelas-
tic scattering determined by analysis of the REELS with the method
described in Tougaard and Chorkendorff[22] was used to form a
data matrix, which was analyzed with the TFA method. TFA is usu-
ally accomplished in two main steps: principal component analysis
(PCA) and target transformation (TT), which are described in the
next section. The details can be found in our previous work.[14,23]
Results and discussion

Experimental reflection electron energy loss spectra and
effective single inelastic scattering cross-sections

Figure 1 compares REELS for URDIW-cleaned GaAs (row a), GaAs
cleaned by Ar+ sputtering at an incident angle of 7� (row b)
and 30� (row c) at various emission angles from 15� to 75� for
primary electron beam energies of 3000, 4000, and 4500 eV. All
the spectra were normalized at the elastic peaks. The reflected
electrons in REELS lose energy as a result of plasmon excitations
or single-electron transitions from the valence band or from a
core level to the conduction band. There are three main
characteristic features in the REELS for GaAs. The bulk-plasmon
excitation is at approximately 16.2 eV for URDIW-cleaned GaAs
and at approximately 15.8 eV for Ar+ sputtered GaAs (row b). In
addition, a small peak at about 21 eV, which is superimposed
on the tail, results from a transition from the Ga 3d core level to
the conduction band.[24,25] A double bulk-plasmon excitation
peak at about 32.4 eV is clearly observed for URDIW-cleaned GaAs
and at about 31.6 eV for ion-sputter-cleaned GaAs. The REELS
obtained for ion sputtering shows strong surface-plasmon
excitation at about 11 eV for high emission angles. The REELS
for GaAs cleaned with deionized water shows no strong
surface-plasmon excitation peak.

A comparison with the REELS for Ar+ sputtered GaAs shows that
the peak at about 11eV is slightly smaller for the sample sputtered
at a shallow incident angle of 7�. It is known that ion sputtering
changes the surface composition of GaAs, and the top surface layer
of the sputtered specimen will be Ga rich. To be more specific, XPS
analysis with Mg Ka X-rays indicated that the composition ratio of
n Wiley & Sons, Ltd. Surf. Interface Anal. 2013, 45, 985–992



Figure 1. Reflection electron energy loss spectra (REELS) of GaAs at various emission angles from 15� to 75� at primary electron energies of 3000, 4000
and 4500 eV for GaAs cleaned by ultrasonic running deionized water (URDIW) (row a) and GaAs cleaned by Ar+ sputtering at incident angles of 7� (row b)
and 30� (row c).

Robustness of TFA to determine dielectric function from REELS

9
8
7

Ga/As were 1.52 in the normal sputtering condition and 1.40 in the
mild sputtering condition. This result shows that the altered surface
Ga-rich layer becomes thinner as the ion beam energy and incident
angle decrease. So we expect the negative effects of sputter cleaning
to be smaller for GaAs cleaned by 1200eV Ar+ sputtering at an inci-
dent angle of 7�. For URDIW-cleaned GaAs, the ratio of Ga/As was
1.0 (stoichiometric), and the surface oxidation of GaAs was negligible
because no chemical shifts of the Ga and As peaks were observed.
However, a small amount of oxygen (O 1s peak at 532.3eV) and
carbon residues (C 1s peak at 285.0eV) remained on the GaAs surface,
and the O 1s peak can be assigned to a monolayer of water
molecules.[26]

Figure 2 shows the effective cross-section for single inelastic
scattering K(ΔE) multiplied by the IMFP l(E) for URDIW-cleaned GaAs
and GaAs cleaned by Ar+ sputtering at incident angles of 7� and 30�.
These l(E)K(ΔE) distributions were derived from the aforementioned
REELS using the QUASES-XS-REELS software,[22,27] which removes
the contribution of multiply scattered electrons and provides an
effective single inelastic scattering cross-section K(ΔE). K(E, ΔE) is
the probability that an electron of kinetic energy E will lose energy
ΔE per unit energy loss and per unit path length when traveling in
Surf. Interface Anal. 2013, 45, 985–992 Copyright © 2013 John
a solid. Because multiple-scattering features are removed in the
l(E)K(ΔE) spectra, it is easier to interpret the electronic excitations.
From these l(E)K(ΔE) spectra, we can see that the bulk-plasmon
peak position at about 15.6 eV for Ar+-sputtered GaAs (row b) is at
a slightly smaller energy than that for URDIW-cleaned GaAs (row
a) at about 16 eV, which can be compared with the previously mea-
sured bulk-plasmon peak of 15.8 eV for single crystalline GaAs.[28]

There is a weak hump at 21 eV related to Ga 3d core level excitation.
The weak structures at about 4 and 6eV are attributed to interband
transitions from the valence band to the conduction band.[29] For
URDIW-cleaned GaAs, these l(E)K(ΔE) spectra show only small varia-
tions in the bulk-loss and surface-loss intensities as a function of
emission angle and primary beam energy (see row a in Fig. 2). The
surface-loss peak is very weak, which is probably due to damping
caused by a monolayer of adsorbed water molecules. In contrast
to this result, the l(E)K(ΔE) spectra for Ar+ sputtered GaAs show that
the surface-plasmon peak intensity changes continuously with vari-
ation in the emission angle for ion sputtering at an incident angle of
30�. However, with ion sputtering at 7�, there is a substantial
increase in the surface peak intensity at emission angles larger than
70�. This behavior shows that GaAs cleaned by shallow incident Ar+
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/sia



Figure 2. Series of effective cross-sections l(E)K(ΔE) for single inelastic scattering for GaAs obtained from the corresponding reflection electron energy
loss spectra in Fig. 1. The dependence of the cross-sections on the electron emission angles with respect to the surface normal is shown. URDIW,
ultrasonic running deionized water.
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sputtering has a thinner damaged surface layer and that the
shallow-angle and low-energy sputtering conditions are clearly
milder and more effective.
Target factor analysis of effective single inelastic scattering
cross-sections

The TFA was performed on sets of l(E)K(ΔE) distributions
corresponding to the three cleaning methods to extract the bulk-
loss component. In the first PCA step, l(E)K(ΔE) spectra for different
emission angles at the same primary beam energy were placed in a
data matrix.[14,23] Figure 3(a) shows the distribution of determined
eigenvalues on a logarithmic scale for each data matrix for URDIW-
cleaned GaAs. There are seven eigenvalues for each data matrix be-
cause we have seven spectra for each energy. To obtain the size of

the true factor space, we used the variance variance¼xi=
Xn

j¼1xj
� �

to determine the number of main factors.[30] xi is the ith eigenvalue,
and n=7 is the total number of eigenvalues. In practice, eigenvectors
with large variances are considered to be primary eigenvectors. For
example, for the data matrix at 4000eV, the sum of the first two var-
iances is 0.9998, which suggests that the l(E)K(ΔE) spectra can be
wileyonlinelibrary.com/journal/sia Copyright © 2013 Joh
expressed as a linear combination of the first and second abstract
factors. Figure 3(b) shows the two main abstract factors of each data
matrix. Note that possible electron diffraction effects, which occur
for the URDIW-cleaned GaAs, does not disturb the PCA analysis,
because this is expected to only influence the relative intensity but
not the spectral shape of each of the two factors corresponding to
surface and bulk excitations. Figures 3(c, d) and 3(e, f) are the eigen-
values and abstract factors for GaAs cleaned with Ar+ at incident
angles of 7� and 30�, respectively. For all three samples, the results
show that the first two eigenvalues are major and that the factor
space can therefore be reduced to two dimensions. The two main
abstract factors in Fig. 3(b, d, f) contain peaks or troughs at energy
loss positions corresponding to the surface-plasmons and bulk-
plasmons, and interband transitions. The abstract factors determined
from thismultivariate statistical analysis are a solution to the problem
in the sense that a linear combination of these two factors will give
an almost perfect fit to the spectra. However, the abstract factors
are an accidental mixture of the corresponding physical factors
that correspond to surface and bulk excitations. To determine the
physical factors, the two abstract factors are transformed into
physically meaningful factors by TT. This transformation was
accomplished by rotating the axes of the two abstract factors. The
n Wiley & Sons, Ltd. Surf. Interface Anal. 2013, 45, 985–992



Figure 3. Results of principal component analysis of a series of effective
cross-sections for single inelastic scattering in GaAs in Fig. 2. (a) The eigenva-
lues for data matrices versus eigenvalue number at primary energies of
3000, 4000, and 4500 eV for GaAs cleaned by ultrasonic running deionized
water (URDIW) are shown on a logarithmic scale. (b) shows the resulting
main two eigenvectors (i.e. abstract factors) corresponding to the first and
second eigenvalues in (a). (c) and (d) are the eigenvalues and eigenvectors
(i.e. abstract factors), respectively, for GaAs cleaned by Ar+ with an incident
angle of 7� . (e) and (f) are the eigenvalues and eigenvectors (i.e. abstract fac-
tors), respectively, for GaAs cleaned by Ar+ with an incident angle of 30� .

Figure 4. The two most important physical factors (i.e. bulk-loss and
‘surface’-loss components) obtained by target transformation of abstract
factors for GaAs in Fig. 3(b), (d) and (f). (a) is obtained from Fig. 3(b) for
GaAs cleaned with ultrasonic running deionized water. (b) is obtained
from Fig. 3(d) for GaAs cleaned with Ar+ at an incident angle of 7� . (c) is
obtained from Fig. 3(f) for GaAs cleaned with Ar+ at an incident angles
of 30� . URDIW, ultrasonic running deionized water.
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basic abstract factor space determined in PCA is orthogonal. Therefore, a

two-dimensional abstract transformationmatrix T ¼ cosθ � sinθ
sinθ cosθ

� �
,

involving an orthogonal rotation angle θ, is first applied. In this TT
procedure, we must take advantage of some known information
about the materials as criteria for placing important constraints on
the rotation of the abstract factor axes to obtain the physical factors.
First, we performed an orthogonal rotation to obtain the first
physically meaningful real factor corresponding to the bulk-loss
component. To determine the orthogonal rotation angle for the
bulk-loss component, we utilized the position of the bulk-plasmon
loss peak of GaAs, that is to say, the plasmon peak, and the shape
of bulk-plasmon fitted with a Lorentzian function on the low-energy
side of the bulk-loss component as criteria.[14,23] For instance, for
URDIW-cleaned GaAs, the eigenvectors for the data matrix at
Surf. Interface Anal. 2013, 45, 985–992 Copyright © 2013 John
4000eV were rotated 198� to satisfy these criteria. For Ar+ ion sput-
tered GaAs, the abstract factor of the data matrix at 4500eV was
rotated 201� for 7� and 203� for 30� sputtering to satisfy these crite-
ria. With this orthogonal rotation, we obtained the bulk-loss compo-
nent. To determine the other physical factor corresponding to the
surface-loss component, we performed an oblique rotation (with
rotation angle’) of one factor axis under the condition that the other
factor axis corresponding to the bulk-loss component was fixed. The
criterion used for this oblique rotation was that the surface-plasmon
loss peak of GaAs was at about 11 eV.

After the coordinate rotation of the two primitive abstract factors,
the surface-loss and bulk-loss components were obtained. Figure 4
(a) compares the bulk-loss and surface-loss components derived by
TT of the abstract factors for the data matrices at 3000, 4000,
and 4500 eV for URDIW-cleaned GaAs. Figure 4(b, c) shows TT
results for GaAs cleaned by Ar+ at incident angles of 7� and 30� ,
respectively. The surface-loss and bulk-loss components are nearly
independent of these primary electron energies. This fact implies
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/sia
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that the method is reasonable when the matrices are grouped by
primary beam energies. As a further test, we found that the original
l(E)K(ΔE) spectra were all well reproduced by a linear combination
of these two loss components.
Note that the ‘surface-loss’ component in Fig. 4 is not a simple

surface-loss spectrum (e.g. surface plasmon) and that its shape is
not directly related to the bulk-loss spectrum. It consists of all
components except the bulk-loss component. This situation means
that the ‘surface-loss’ component originates from energy loss at the
altered surface layer and that this component can also be affected
by possible contributions from coupling between surface and bulk
excitations[12,19] and any errors originating from the approxima-
tions in the handling of multiple-scattering components for the
procedure applied to determine l(E)K(ΔE).[22] The observed
difference in surface components in Fig. 4 simply shows that the
conditions at the surface are very different for the three samples
depending on the cleaning methods. In contrast, the bulk loss is
practically identical for all three samples. This result shows that
the proposed TFA of the REELS procedure for determining the bulk
ELF is valid even when the surface layers are very different. As a
result, it should be particularly useful for compounds that are hard
to clean without destroying the outermost few atomic layers.
As mentioned previously, it is important to use shallow sputter

conditions at not too high an energy to reduce the extension of
the damaged region and to use rather high (>3000 eV) electron
energies to make sure that the electrons spend part of their
trajectory in the deep regions beyond the altered surface layer.

Bulk energy loss function and sum rules

The bulk component extracted for l(E)K(ΔE) is restated as l(E)
Kbulk(ΔE), that is to say the normalized differential inverse
IMFP,[31] hereafter. The bulk ELFs of GaAs specimens in the low
energy-loss range (typically less than about 100 eV) can be
obtained from the bulk-loss component of the TFA analysis. We
used an iterative calculation to derive the bulk ELF from Kbulk
(ΔE) using the following relationship:[8]

Kbulk E; ħoð Þ ¼ 1

pEa0

Zqþ
q�

dq

q
Im

�1
e q;oð Þ

� �
(1)

where E is the primary electron energy, ħo=ΔE and q are the en-
ergy loss and momentum transfers in an inelastic scattering
Figure 5. (a) Normalized energy loss functions determined from the bulk-
deionized water (URDIW) method and GaAs cleaned with Ar+ at incident a
absolute scale for GaAs cleaned with Ar+ at incident angles of 7� and 30� , and w
Kronig-sum rules to normalized ELFs. (b) also shows reference ELFs: TEM-EELS dat
data (Palik).[8] TEM-EELS, electron energy loss measurements using transmission
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event, respectively, and a0 is the Bohr radius. The bulk ELFs were
derived by this iterative procedure where test ELFs lead to good
agreement between the normalized Kbulk(ΔE) calculated from
test ELFs on the basis of Eqn (1) and extracted from TFA. In this
calculation, the q-dependency in Eqn (1) was treated by the
single-pole approximation.[9] Figure 5 (a) shows the resulting
normalized bulk ELFs for URDIW-cleaned GaAs and for GaAs
cleaned by Ar+ sputtering at incident angles of 7� and 30�.

To obtain the real ELF for bulk GaAs, we have to determine the
scaling or normalizing factor a. For this purpose, we can apply f-
sum and Kramers–Kronig (KK)-sum rules[33] for ELFs.[14] However,
the ELF from the REELS experiment only covers energy losses up
to about 30 eV, because beyond that it has a very small intensity
that is comparable with the experimental error. For energy losses
larger than 30 eV, we calculated the ELF for a GaAs bulk specimen
from the atomic scattering factors for X-rays for Ga and As, which
were taken from the database compiled by Henke et al.[32]

The scaling factor a is multiplied by the normalized bulk ELF
determined from REELS (in the energy loss range less than 30 eV)
to obtain the bulk ELF on an absolute scale. The scaling factor a
was thus determined by the following f-sum and KK-sum rules.[33]

f-sum rule:

2

pħ2Ω2
p

� f
ZEx
0

a�ΔE�Im �1=e ΔEð Þexpr:
n o

d ΔEð Þ

þ
Z1

Ex

ΔE�Im �1=e ΔEð Þf gHenke’sd ΔEð Þg ¼ Zeff

(2)

whereΩp= (4p na e
2/m)1/2, na=Na r/A is the density of atoms ormole-

cules, Na is Avogadro’s number, r is the bulk density, A is the atomic
weight, ΔE=ħo, and Zeff is the effective number of electrons per mol-
ecule contributing to the inelastic scattering, which is 64 for GaAs. Ex is
30eV, and Im{�1/e(ΔE)}Henke’s is the ELF calculated from Henke’s data.

KK-sum rule:

2

p
�

ZEx
0

a�Im �1=e ΔEð Þf gexpr:
ΔE

d ΔEð Þ þ
Z1

Ex

Im �1=e ΔEð Þf gHenke’s
ΔE

d ΔEð Þ

8<
:

9=
;

þ 1

n 0ð Þ2
¼ 1;

(3)
loss components in Fig. 4 for GaAs cleaned with the ultrasonic running
ngles of 7� and 30� , respectively. (b) Energy loss functions (ELFs) on an
ith URDIW obtained by applying the constraints of the f-sum and Kramers–

a (TEM-EELS),[34,35] density function theory calculation results (DFT), and optical
electron spectroscopy.
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Figure 7. Electron inelastic mean free paths (IMFPs) for GaAs calculated
from the ELFs in Fig. 5(b). TPP-2M represents the calculated IMFPs for GaAs
with the TPP-2M predictive formula.[15] Note that the IMFP values for Ar+

sputter cleaning at incident angles of 7� and 30� are practically identical
and can hardly be distinguished in the plot. URDIW, ultrasonic running
deionized water.

Robustness of TFA to determine dielectric function from REELS
where n(0) = 3.606 for GaAs[8] is the refractive index in the low-
energy limit. The resulting ELFs are shown in Fig. 5(b). The scaling
factor a is determined as the value that gives the smallest average
error for both the f-sum and KK-sum errors. The resulting scaling
factor was a=3.62 for URDIW-cleaned GaAs. The errors in the
f-sum and KK-sum rules are �2.61% and 0.15%, respectively. On
the other hand, the scaling factors for GaAs cleaned with Ar+ at
incident angles of 7� and 30� are a=3.34 and 3.33, respectively,
and the errors in the f-sum and KK-sum rules are �3.46%, 0.13%
and �3.48%, 0.08%, respectively.

In Fig. 5(b), we compare the resulting ELFs with previous ELFs
that were obtained by electron energy loss measurements using
transmission electron spectroscopy (TEM-EELS),[34,35] by calculation
with density function theory (DFT), and by Palik’s compiled optical
data.[8] The DFT calculations were performed with the WIEN2k
code.[36] Details of the DFT calculations will be published elsewhere.

The ELF from Palik’s database is very different from the other
ELFs in the 10–25 eV energy loss range, and its errors in the f-sum
and KK-sum rules are �13% and �37%, respectively. This result is
most likely due to the difficulties involved in past optical measure-
ments in the vacuum ultraviolet energy region above 10 eV. The
present ELF is in good agreement with ELFs from TEM-EELS except
in the 9–12 eV energy region. The DFT calculation does not show
any obvious structure in this energy region. We therefore expect
this structure to be due to an artifact in the TEM-EELS data, which
may be due to the surface conditions and to the treatment of
surface excitations in that analysis.

There are doublet structures in the ELF at about 21 and 23eV for
URDIW-cleaned GaAs and shallow-sputter-cleaned GaAs, which are
due to interband transitions from the Ga 3d core level to the
conduction band. This structure is not resolved in the ELF of GaAs
sputter cleaned at an incident angle of 30�, which shows a broad
peak around 20–25 eV. The thickness of the modified surface layer
is larger for the latter sample compared with the sample sputter
cleaned at 7o incidence angle, and it is quite probable that the
modified layer is larger than the depth reached by the majority of
the 4500 eV electrons used in the REELS experiment. We therefore
conclude that the doublet peaks at 20–25eV originate from the
bulk of the GaAs specimen. Further evidence for this conclusion
can be deduced from the plasmon-peak shifts. It is known that
the plasmon peak of amorphous GaAs is lower by 0.3 eV than that
of crystalline GaAs.[28] In Fig. 5, the plasmon energy for the GaAs
sputter cleaned at an incident angle of 30� is approximately
15.3 eV, for GaAs sputter cleaned at 7� is approximately 15.4 eV,
and for URDIW-cleaned GaAs is approximately 15.7 eV. This result also
Figure 6. Optical constants for GaAs obtained from Fig. 5(b). (a) Refracti
deionized water; DFT, density function theory; TEM-EELS, electron energy los

Surf. Interface Anal. 2013, 45, 985–992 Copyright © 2013 John
indicates that the amorphous surface layer of the shallow-sputter-
cleaned specimen is thinner than the information depth for REELS
in our measurements. We conclude that the REELS-TFA method is
robust and rather insensitive to variations in the surface condition of
the specimen because the method provides almost the same bulk
ELF independently of the condition of the top surface layer (or layer
altered by surface cleaning) if the probing depth of the REELS
electrons is much larger than the thickness of the surface-altered
layer. This conclusion is in contrast to other proposedmethods based
on REELS analysis[9,12] because they require a clean surface layer with
the same composition as the bulk.
Optical constants and inelastic mean free paths

The real part Re{�1/e} can be calculated from Im{�1/e} by the KK
transformation,[28] and from this, the real (e1) and imaginary part
(e2) of the complex dielectric function can be determined. We can
also obtain the OCs n (E) and k (E) from the following equations:
ve index n(E); (b) extinction coefficient k(E). URDIW, ultrasonic running
s measurements using transmission electron spectroscopy.
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e1 ¼ n2 Eð Þ � k2 Eð Þ
e2 ¼ 2 n Eð Þ k Eð Þ (4)

where n(E) is the refractive index and k(E) is the extinction
coefficient at energy E.
Figure 6 shows n(E) and k(E) determined for GaAs with the AR-

REELS-TFA method (present work) together with other experimen-
tal (TEM-EELS data[35] and Palik’s optical data[8]) and theoretical
(DFT) values. The k(E) values can be considered as fingerprints of
individual electronic transitions. Strong resonant peaks in the k(E)
spectra are found at the energies for interband transitions from
the valence band to the conduction band at about 4 and 6 eV as
mentioned previously. The k (E) value obtained from the TFA for
URDIW-cleaned GaAs is in good agreement with the DFT calcula-
tion result above 4 eV.
There is a small difference between the OCs at energies below

10eV for GaAs specimens cleaned by ion sputtering and those
cleaned by URDIW. This difference is due to the deviation of the ELFs
at small energy losses in the 3–9eV range as shown in Fig. 5(a). From
Figs 5(b) and 6(a, b), we also see that Palik’s optical data deviate
considerably from the results obtained by other methods above
6eV. This deviationmust be due to technical difficulty in performing
optical measurements in this energy region, even though a synchro-
tron radiation light source was used. In other words, we conclude
that our AR-REELS-TFA method is effective in obtaining the ELFs
and OCs of GaAs, especially for energies above 4 eV.
We calculated the electron IMFPs of GaAs from the resulting ELFs

using the full Penn algorithm[3] in the 50–2000 eV energy region.
Figure 7 shows the energy dependence of IMFPs calculated from
the obtained ELFs for GaAs cleaned by Ar+ sputtering and with
URDIW cleaning. The IMFPs for GaAs calculated from Palik’s optical
data and Henke’s atomic scattering factors[32] and from the TPP-2M
predictive formulas[15] are also shown. This figure shows that all the
IMFPs calculated from various ELFs for GaAs are in good agreement
except for the IMFPs calculated from Palik’s data.

Summary

We have previously demonstrated[14] that TFA of a series of AR-
REELS can be used as a method for determining bulk energy-loss
functions (ELFs), which by the TFA are separated from the surface-
loss structures of REELS. In the present work, we have investigated
the robustness of the method to the surface conditions of the
sample. To this end, we measured AR-REELS for GaAs specimens
at incident electron energies of 3000–4500 eV from samples
cleaned by three different methods, which resulted in quite differ-
ent compositions of the surface layer in the three samples. It was
found that the TFA method produced two components that were
identified as the bulk ELF and a surface term. The surface term
was quite different for the three samples, whereas the bulk ELF
was practically identical. This result shows that our method for
determining the bulk ELF is largely unaffected by the condition of
the outermost surface layers. We therefore conclude that this
method is effective in determining the bulk ELF. Our method is
expected to be particularly useful for analysis of dielectric proper-
ties of compounds and oxides for which it is difficult to produce a
clean surface without destroying the structure and composition of
the outermost few atomic layers. Previously suggested methods
cannot be applied for these surfaces. In this work, we have used
the method to determine ELFs and OCs of GaAs from a series
of AR-REELS with TFA. The bulk ELFs obtained showed good
wileyonlinelibrary.com/journal/sia Copyright © 2013 Joh
agreement with results previously obtained with TEM-EELS mea-
surements and DFT calculations. However, we found that Palik’s op-
tical ELF data for GaAs deviate considerably from our result above
6 eV. This result is probably due to difficulties in performing optical
measurements in this higher energy region even though a synchro-
tron radiation light source was used. The OCs and IMFPs for GaAs
were calculated from the bulk ELFs obtained by the TFA of REELS.
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Visualization of hybridization states with atomic resolution using electron
energy loss spectroscopy mapping
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Hybridization state mapping with atomic resolution was demonstrated using electron energy loss

spectroscopy combined with scanning transmission electron microscopy. The O 2p states

hybridized with Sn 5s and Cu 3d in a layered double perovskite La2CuSnO6 were individually

distinguished by significant contrast differences in the oxygen K-edge energy-loss near-edge

structure. The anisotropic oxygen intensity in the distorted CuO6 octahedron resulting from the

Jahn-Teller effect could also be observed. The localized Cu 3d hole in the bc plane was indirectly

imaged in real space using two-dimensional oxygen mapping. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4704558]

Transition metal oxides exhibit a variety of physical

properties sensitively related to their crystal structures and

constituent elements. These properties depend on the energy

balances between the Coulomb interactions, bandwidth,

exchange interaction, and many other parameters. In particu-

lar, the O 2p state can strongly hybridize with the cation or-

bital due to its covalent character and therefore plays an

important role in determining the physical properties. A

good understanding of the bonding character of oxygen ions

at the atomic level in turn provides useful information for

material design.

Electron energy loss spectroscopy (EELS) combined

with scanning transmission electron microscopy (STEM) is a

powerful tool for the investigation of local electronic struc-

ture with atomic column resolution.1,2 Two-dimensional

spectrum imaging (SI), in particular, allows us to provide not

only elemental mapping3,4 but also the prospect of bonding

maps5–7 at atomic-column resolution. However, there exists a

physical limit on the spatial resolution of the EELS signal

due to delocalization of inelastic scattering, which depends

on the energy loss value8,9 and also depends sensitively on

the ability to localize the electron probe propagation in the

sample.10 In particular, the delocalization of oxygen K-edge

spectra is not so much small as the distance between neigh-

boring oxygen columns. Therefore, the core excitation

energy-loss near-edge structure (ELNES) acquired by align-

ing a fine electron probe along one atomic column has contri-

butions from adjacent columns in addition to the illuminated

atomic column weighted according to their relative contribu-

tions. Consequently, accurate interpretation of the experimen-

tal ELNES spectra using point analysis is complicated due to

delocalization. If a fine electron probe were obtained through

spherical aberration correction, it would be possible to mainly

excite an individual atomic column. Hence, it is expected that

two-dimensional oxygen mapping of ELNES would show

variation in excitation probability of specific electronic state

with position. Mizoguchi et al.11 and Witte et al.12 performed

simulations indicating that the O K-ELNES signal would

depend on the distribution of the electron probe in the materi-

als and discussed the interactions between the momentum

transfer vector and the bond orientation. The pre-peak of the

O K-ELNES in the high-temperature cuprate superconductor

has been correlated to a local hole concentration arising due

to covalent interactions of O 2p with the Cu 3d state,13 which

shows an anisotropic nature.11,14

In the previous work,15 we have studied the local elec-

tronic structure of a transition metal oxide based on point

analyses using STEM-EELS. Herein, we describe the two-

dimensional distribution of the electronic structure using SI.

In particular, we obtain a visualization of the hybridization

state with atomic resolution in a double perovskite

La2CuSnO6 using oxygen K-edge ELNES, revealing the ani-

sotropic oxygen intensity in the distorted CuO6 octahedron

caused by the Jahn-Teller effect. The localized Cu 3d hole in

the bc plane could be indirectly imaged in real space by two-

dimensional mapping of the oxygen K-edge ELNES.

As the sample, a layered double perovskite La2CuSnO6

film was fabricated using a pulsed laser deposition tech-

nique.16 The La2CuSnO6 thin films were grown heteroepi-

taxially on SrTiO3 (001) substrates. The growth temperature

was 670 �C at an oxygen partial pressure of 0.1 Torr, which

were previously found to be optimized conditions for fabri-

cating the layered structure.

Figure 1 shows a schematic of the layered crystal struc-

ture determined by powder x-ray diffraction analysis.17 An

interesting structural feature is the distortion of the CuO6

octahedrons by the Jahn–Teller effect of Cu2þ. Alternation

of the CuO6 and SnO6 octahedral layers and buckling of the

CuO2 and SnO2 sheets induce a monoclinic superstructure

with the following lattice parameters: a ¼ 0.8510, b ¼ 0.7815,

c ¼ 0.7817 nm, and b ¼ 91.151�, corresponding closely to

2ap � 2ap � 2ap (ap is the lattice parameter for a primitive

cubic perovskite). Although there are eight nonequivalent

oxygen sites with different atomic coordinates in one unit

cell, the nonequivalent oxygen sites can be classified into

three groups (O1, O2, and O3) in relation to the nearest-

neighbor B site atoms, that is: the O1 atoms binding only

to a Sn atom, the O3 atoms binding only to a Cu

atom, and the O2 atoms linking both Sn and Cu atoms as

shown in Fig. 1.
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Cross-sectional samples were thinned down to electron

transparency by ion milling. The thickness of the observed

area was about 30 nm as estimated by EELS measurements.

The high-angle annular dark-field (HAADF) imaging and the

SI experiments were carried out using a FEI Titan3 fitted with

an aberration corrector for the probe-forming lens system and

an electron energy loss spectrometer (Gatan, Inc., GIF Quan-

tum 966). The SI experiments were performed at 80 keV to

improve the limit of the delocalization effect and beam dam-

age.8,18 The calculated delocalization factor of the O K-edge

(532 eV), using the simple formula 0.5k/hE
3/4, where k is the

electron wavelength and hE is the characteristic inelastic scat-

tering angle, is approximately 0.15 nm. La2CuSnO6 was

observed along the b-axis projection because of high localiza-

tion of the electron probe propagation. In this projection,

each oxygen column was aligned straight, whereas that one is

not arrayed straight in the c-axis projection. The convergence

semi-angle was 30.5 mrad and the probe current was 130 pA.

The inner and outer semi-angles of the HAADF detector

were 90 and 200 mrad, respectively. The collection semi-

angle in the EELS was 90 mrad. The energy spread of a

Schottky emitter was 0.9 eV at full width at half maximum.

The SI experiments were performed with a dwell time of

0.1 s/pixel for a 79 � 36 pixel area (2844 spectra) which cor-

responded to 2.7 � 1.3 nm2. The specimen drift during the SI

experiments was measured and corrected. The total acquisi-

tion time including the drift correction was 6 min 50 s. SI da-

tum was processed by principal component analysis (PCA)

software (HREM Research Inc., MSA) to reduce the random

noise components,19 in which seven principal components

were used for reconstruction of SI datum after the PCA

decomposition. All oxygen mappings were obtained by stand-

ard integrated signal using the different energy windows after

background subtraction based on power-law model. First-

principles band structure calculations were performed by a

full-potential linear augmented plane wave plus local orbital

method using the WIEN2K code.20 ELNES spectra were calcu-

lated using the TELNES.2 package incorporated in the WIEN2K

code.21 The effect of a core hole was taken into account in

the calculations by introducing a hole in the oxygen 1s state

at each nonequivalent oxygen site and by adding an electron

to the valence band.

Figure 2(a) shows the experimental O K-ELNES spec-

trum acquired from the SI analyzed whole area after back-

ground subtraction based on the SI datum of La2CuSnO6.

Although this spectrum from whole area includes the contri-

butions of all nonequivalent O sites, the individual spectrum

in the SI datum has different contributions reflecting the

local electronic structure. The simulated ELNES spectra

including the core-hole effect is shown in Figs. 2(b)–2(e).

The simulated ELNES averaged over the whole unit (Fig.

2(b)) agrees well with the experimental spectrum (Fig. 2(a)).

Figures 2(c)–2(e) show three kinds of simulated spectra,

which are averaged assuming the above classification of

eight nonequivalent oxygen sites as described in Ref. 15. By

comparing the spectral features with the partial density of

states (PDOSs), the peaks labeled A-E can be attributed to

transitions to the unoccupied O 2p state hybridized mainly

with Cu 3d, Sn 5s, La 5d, Sn 5p, and Cu 4s/4 p states, respec-

tively. In the previous research,15 it was concluded that only

the O3 K-ELNES exhibits the pre-peak A, which is attrib-

uted to a transition to the unoccupied O 2p state hybridized

with a Cu 3d b1g (dx2 � y2) hole due to the Jahn-Teller

effect.

Figure 3 shows the atomic resolution oxygen mapping

discriminated based on differences in the hybridization

states, and the simultaneously recorded HAADF-STEM

image along the b-axis projection. The O mapping consisted

of wide energy window (50 eV) from the threshold energy

(Fig. 3(b)) shows the slight octahedral rotations of the O sub-

lattice with comparable contrasts for all oxygen sites. In

comparison, Figs. 3(c)–3(g) show O mappings constituted of

the narrow energy window (1 eV), which are discriminated

by differences in the hybridization states using peaks A-E as

shown in Fig. 2. These images clearly show different con-

trasts, reflecting the excitation probability of the particular

FIG. 1. A layered perovskite structure model of La2CuSnO6 along a b axis

projection.

FIG. 2. (a) The experimental O K-ELNES spectrum acquired from the SI

analyzed whole area after background subtraction using a power-law model

acquired from the SI datum of La2CuSnO6. The calculated spectra with the

O 1s core-hole state over (b) the whole unit cell, and at the (c) O1, (d) O2,

and (e) O3 sites. The calculated spectra were averaged by weighting accord-

ing to the number of sites contained in the unit cell.
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peak at a specific position. These five energy window were

selected as observable points of the differences in hybridiza-

tion states according to above classifications. It should be

noted that oxygen atoms hybridized with Cu 3d and Sn 5s
were distinguished by significant differences in contrast

(Figs. 3(c) and 3(d)), whereas all oxygen columns show

almost comparable contrast in the oxygen mapping using

peak C (Fig. 3(e)), which is attributed to hybridization

mainly with La 5d. For the image obtained using peak D

(Fig. 3(f)), corresponding mainly to hybridization with the

Sn 5p state, a bright contrast identifying the SnO6 octahedron

is observed, while the image obtained using peak E (Fig.

3(g)) shows an increase in the contrast at CuO6 octahedral

sites. The changes of contrast as main hybridization state in

oxygen mapping agree well with the correlative relationship

between the PDOS and its energy range.

Although Figs 3(c)–3(g) reflect each hybridization state,

the oxygen sites that are considered not to hybridize with Cu

or Sn still show substantial intensities in the bonding map.

Two reasons can be given for this phenomenon related to the

following physical limits: those imposed by the nature of the

electron scattering and those from the electron energy band

structure. In terms of the first effect, the nature of electron

scattering means there is a combination of an absorption

effect from thermal diffuse scattering (TDS) of the heavier

atoms,22,23 delocalization of inelastic scattering, and electron

de-channeling process.24 It is considered that the latter two

factors produce additional intensity depending on probe posi-

tion because of variety of eight kinds of O K-ELNES.15 Note

that all positions in the present SI datum exhibit an O

K-edge signal due to the delocalization effect, even at the La

sites. Of course, the intensity of the signal depends on the

electron probe position. Hence, the two-dimensional elemen-

tal mapping probes the site-dependent subtle differences of

the oxygen signal. O columns including heavier B site cati-

ons (Cu or Sn) yield a much more significant TDS effect

than O-only columns and consequently the EELS signal on

the B-site columns is reduced. As shown in Fig. 3(b), a

volcano-like structure was observed in the present experi-

ments, which was particularly noticeable on the Sn-O col-

umns in comparison to the Cu-O columns due to the larger

atomic number. For the same reason, because the La col-

umns yield the largest TDS, the La sites appear with the

darkest contrast in the O mapping, although the O K-edge

signal is still apparent for the La sites. In terms of the second

effect, the nature of electron energy band structure means

the overlapping PDOS between cations in the present energy

range. This is because the unoccupied PDOSs of the cations

except for Cu 3d state are not energetically localized. This

effect is particularly conspicuous in the energy range over

peak C. Therefore, the present classifications were consis-

tently labeled as main hybridization sate.

Remarkably, the anisotropic mapping of the distorted

CuO6 octahedron caused by the Jahn-Teller effect was

observed as significant contrast differences using the pre-

peak A (Fig. 3(c)). In other words, the O2 and O3 atomic

columns in the CuO6 octahedron exhibit different contrasts,

with the O3 column appearing brighter than the O2 column.

In case of the pre-peak mapping, the contributions from O1

and O2 due to the delocalization and electron de-channeling

process have no influence, because there is no pre-peak (oxy-

gen signal) in the spectra from O1 and O2 atoms (Fig. 2). In

a layered La2CuSnO6, the distortion of the CuO6 octahedron

from cubic symmetry due to the Jahn-Teller effect leads to

the further crystal field splitting of the t2g and eg states. In

previous research, it was concluded that pre-peak A could be

attributed to the hybridization with the unoccupied Cu 3 d
b1g (dx2 � y2) state, and that the electron configuration of the

ground state should be (a1g)2(b1g)1.15 The b1g orbital in the

Cu atom extends only into the bc plane. Therefore, the pres-

ent experimental results demonstrate that an individual local-

ized Cu 3d hole in the bc plane could be indirectly observed

as a hybridization state in real space using oxygen mapping.

In summary, we have visualized oxygen hybridization

states with cation orbitals with atomic resolution using the

oxygen K-ELNES of a layered double perovskite

La2CuSnO6. Because the O K-ELNES contains considerable

information related to the cation orbital due to its covalent

character, the two-dimensional oxygen mapping using

STEM-ELNES allows us to investigate not only an elemen-

tal distribution but also chemical bonding and the anisotropy

of empty states in the cation orbital. SI experiments com-

bined with point analysis with high signal-to-noise ratio can

overcome the physical limits arising from delocalization and

allow the origins of particular peaks to be determined at

atomic resolution as differences in excitation probability.

These experimental results indicate the potential for a greater

understanding of the anisotropic locations of electron holes

in advanced materials, e.g., high-temperature cuprate super-

conductors at the atomic level.

This work was partly supported by JSPS Fellowships

No. 23-51 from the Ministry of Education, Culture, Sports,

Science and Technology, Japan. We acknowledge Mr. N.

Kawasaki and Dr. Y. Otsuka of TRC for preparing the cross-

section samples.

FIG. 3. (a) HAADF-STEM image of the SI analyzed area. (b) Atomic resolu-

tion oxygen mapping covering the 50 eV energy window from the threshold

energy. Oxygen mappings discriminated in contrast by differences in hybrid-

ization states, mainly with (c) Cu 3d, (d) Sn 5s and (e) La 5d, (f) Sn 5p and

(g) Cu 4s/4p states corresponding to peaks A to E in Fig. 2, using the 1 eV

energy window. The images were carried out in auto contrast levels.
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We have performed dielectric measurements and neutron diffraction experiments on the delafossite

AgFeO2. A ferroelectric polarization P ’ 300 �C=m2 was observed in a powder sample, below 9 K.

The neutron diffraction experiment demonstrated successive magnetostructural phase transitions at

TN1 ¼ 15 K and TN2 ¼ 9 K. The magnetic structure for 9 K � T � 15 K is a spin-density wave with

a temperature dependent incommensurate modulation k ¼ ð�1 ; q ; 12Þ, q ’ 0:384. Below 9 K, the

magnetic structure turns into elliptical cycloid with the incommensurate propagation vector

k ¼ ð� 1
2 ; q;

1
2Þ, q ’ 0:2026 Based on the deduced magnetic point-group symmetry m10 of the low-

temperature polar phase, we conclude that the ferroelectric polarization in AgFeO2 is perpendicular to

the monoclinic b axis and is driven by the inverse Dzyaloshinskii-Moriya effect with two orthogonal

components p1 / rij � ðSi � SjÞ and p2 / Si � Sj.

DOI: 10.1103/PhysRevLett.109.097203 PACS numbers: 75.80.+q, 75.50.Ee, 77.80.�e

In recent years, magnetoelectric multiferroic materials,

which possess (anti)ferromagnetism and ferroelectricity

in a single phase, have been the subject of intensive

research [1,2]. In such systems, complex magnetic struc-

tures stabilized by frustrated exchange interactions be-

tween spins break inversion symmetry and induce a

ferroelectric polarization. Typical examples of the mate-

rials where noncollinear spin ordering induces ferroelec-

tric polarization are TbMnO3 (Refs. [3,4]) and CoCr2O4

(Ref. [5]) with cycloidal magnetic structures. The in-

duced ferroelectric polarization can be understood in

terms of the inverse Dzyaloshinskii-Moriya (DM) effect

[6] or spin current mechanism, represented by p / rij �
ðSi � SjÞ (Ref. [7]) where rij is the vector connecting

the nearest spins. On the other hand, the delafossite

family, CuFeO2 (Ref. [8]), CuFe1�xBxO2 [B ¼ Al and

Ga (Refs. [9–11])], CuCrO2 (Refs. [12,13]), and AgCrO2

(Ref. [12]), shows ferroelectric polarization induced by

the proper screw helical magnetic orderings rijjjSi � Sj

[14,15]. The magnetic field-induced ferroelectricity in

CuFeO2 has been explained by Arima as a combined

effect of d-p hybridization and spin-orbit coupling [16].
To further understand the delafossite multiferroic

materials, we have studied the magnetodielectric proper-
ties of AgFeO2. While CuFeO2 has been extensively
investigated as a frustrated magnet [17–19] and a multi-
ferroic material [8–11,14], AgFeO2 has not been studied
due to lack of a high-quality sample. Nevertheless,
Tsujimoto et al.. have recently succeeded in the syn-
thesis under high pressure [20]. Although neutron dif-
fraction measurements were reported recently, no details
of the magnetic structure were presented [21].

The crystal structure of AgFeO2, which is shown in
Fig. 1(a), belongs to rhombohedral space group R�3m,

and has the lattice constants, a ¼ b ¼ 3:0391ð1Þ �A and

c ¼ 18:5899ð9Þ �A at room temperature. For later conve-
nience, the monoclinic unit cell stable at low temperature is
also depicted in Fig. 1(a). The triangular layers formed by
magnetic Fe3þ ions (surrounded with distorted oxygen
octahedra) are stacked in a rhombohedral sequence and
in-between nonmagnetic Ag1þ cations are incorporated
separating the magnetic layers.
Vasiliev et al. [21] and Tsujimoto et al. [20] have

reported the temperature dependence of the magnetic sus-
ceptibility revealing successive phase transitions at�15 K
(TN1) and �9 K (TN2) [Fig. 2(a)]. In the present study, in
order to investigate the microscopic spin structures and
dielectric properties of AgFeO2, we have performed neu-
tron diffraction experiments and dielectric measurements
using high-quality polycrystalline samples.
Powder specimens of delafossite AgFeO2 were prepared

under high pressure as described in Ref. [20]. The electric
polarization and dielectric constant were measured using
1.25 mm thickness hardened pellet of polycrystalline
AgFeO2 sample covered with an area 19:6 mm2 of silver
paste. The electric polarization was determined by conven-
tional pyroelectric current measurements using a Keithley
6517E electrometer. For the dielectric measurements, we
used an Agilent E4980A LCR meter. The neutron powder
diffraction measurements were carried out on WISH [22]
and HRPD [23] time-of-flight diffractometers at ISIS
Facility, United Kingdom. Crystal and magnetic structure
refinements were performed using the FULLPROF program
[24]. We first refined the data measured on HRPD to get
precisely the crystal structure parameters; subsequently,
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the data measured on WISH were refined to determine the

magnetic ordering while the structural parameters were

fixed to the values obtained from the HRPD data.
As shown in Fig. 2(b), the electric polarization P appears

only below the lower phase transition temperatureTN2¼9K.
The absolute value of P is 313 �C=m2 in the poling electric
field,Ep ¼ 800 kV=m, which is close to the saturationvalue

[see the inset of Fig. 2(b)]. Since a powder sample was used
in the measurements, P is a half of the intrinsic value for a
single crystal, namelyPintrinsic ’ 600 �C=m2, which is com-
parable to that of the typical multiferroics [1,8]. The tem-
peraturedependenceof the real part of the dielectric constant,
shown in Fig. 2(c), demonstrates a clear anomaly at TN2, in
agreement with the pyroelectric measurements. The imagi-
nary part of the dielectric constant [Fig. 2(d)] corresponding
to the energy dissipation, increases with decreasing tempera-
ture below TN1 ¼ 15 K, then exhibits a peak at TN2 ¼ 9 K,
and eventually decreases gradually below 9K. The relatively
large energy dissipation might be caused by the finite corre-
lation lengths in both magnetic phases, which is discussed
below.

Based on the HRPD and WISH backscattering data
revealing a clear splitting of some nuclear peaks below
TN1, a symmetry lowering from the rhombohedral R�3m
down to monoclinic C2=m can be concluded. In addition, a
set of magnetic Bragg reflections appears below this tem-
perature (Fig. 3), which can be indexed by the incommen-
surate propagation vector k ¼ ð�1; q; 12Þ with q ’ 0:384,

referring to the monoclinic cell shown in Fig. 1(a). The
wave number q depends on temperature and cooling or

heating process, as shown in the inset of Figs. 3 and 4(b).
Note that the k in the monoclinic setting corresponds to the
(q0, q0, 3

2 ) with q0 ’ 0:192 in the hexagonal cell, which is

almost identical to that found in the partially disordered
state of CuFeO2 [25]. The width of the magnetic peaks in
the ICM1 phase is slightly wider than the instrumental
resolution width depicted by the horizontal bar in the inset
of Fig. 3. As shown in Fig. 4(c), the correlation length is
about 200–600 Å (65–200 sites), and significantly depends
on temperature.
Below TN2 ¼ 9 K (ICM2 phase), a set of new mag-

netic reflections indexed by the propagation vector k ¼
ð� 1

2 ; q;
1
2Þ with q ’ 0:206 appears [Figs. 3 and 4(a)]. At

T ¼ 9 K, the reflections from both ICM1 and ICM2 phases
coexist upon heating or cooling processes, indicating a
first order phase transition. The propagation vector in the
ICM2 phase also slightly depends on temperature, and
does not lock in any commensurate value even at the
lowest measured temperature 5 K [Fig. 4(b)]. As shown

in Fig. 4(c), the correlation length remains finite �500 �A
(� 165 sites) at the lowest temperature, as evidenced by
the peak width, which is wider than the resolution limit
(inset of Fig. 3).

φ

chex

monoclinic ac-plane

b

ahex

bhex

chex

hexagonal ab-plane

FIG. 1 (color online). (a) The delafossite crystal structure
of AgFeO2 with both hexagonal and monoclinic bases.
(b) Collinear sinusoidally modulated magnetic structure in
ICM1 phase for 9 K � T � 15 K. (c) Cycloidal structure with
elliptical modulation in ICM2 phase for T � 9 K. The insets are
schematic pictures to explain the relationship between these
spin directions and crystal axis.

FIG. 2 (color online). (a) Magnetic susceptibility (data taken
from Ref. [20]), (b) electric polarization, (c) real and
(d) imaginary parts of the dielectric constant of a powder sample
of AgFeO2 as a function of temperature. The inset in (b) is the
poling electric field dependence of the polarization.
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For the ICM1 phase with k ¼ ð�1; q; 12Þ, we successfully
refined the diffraction data using the monoclinic C2=m
space group for the nuclear scattering and the collinear
sinusoidally modulated spin structure [Fig. 1(b)] for the
magnetic scattering. The quality of the refinement is dem-
onstrated in Fig. 5(a). The symmetry of the magnetic phase
preserves the structural point group and contains time
inversion as a separate element due to the incommensurate
nature of the spin ordering. Thus, the magnetic point group
in the ICM1 phases is the centro-symmetric 2=m10 in
agreement with the lack of the polarization in the dielectric
measurements (Fig. 2). The tilt angle of the spin-density
plane from the a axis toward the c axis �ac depends
significantly on temperature, 20

� � �ac � 50�, as illus-
trated in Fig. 4(e). These spin directions are considerably
different from �0

ac ’ 10� in CuFeO2 [26], implying that
A-site cation (Cu1þ or Ag1þ) plays an important role
in determining the magnetic anisotropy in these systems,
as suggested in a recent x-ray absorption spectroscopy
study [27].

For the ICM2 phase with k ¼ ð� 1
2 ; q;

1
2Þ, the magnetic

contribution to the diffraction data [Fig. 5(b)] can be
refined in the model with the noncollinear cycloidal spin
arrangement [Fig. 1(c)]. The cycloid is elliptically modu-
lated with the spin components in the ac plane and along
the b axis being Mac ¼ 4:56ð4Þ�B and Mb ¼ 3:81ð5Þ�B,
respectively, at T ¼ 5 K. The angle between the elliptical
axis (perpendicular to b) and a axis in the ac plane is

�ac ¼ �14:6ð8Þ�, which is very close to the c direction of
the hexagonal cell [see thick solid line in Fig. 4(e)]. The
cycloidal magnetic ordering breaks the inversion symmetry
but preserves the mirror plane perpendicular to the b axis.
Therefore, the magnetic point group in the ICM2 phase is
the polar m10, which is consistent with the polarization
measurements (Fig. 2). The obtained results clearly demon-
strate the difference in the magnetic ground stats
of AgFeO2 and CuFeO2. The latter compound exhibits
commensurate k ¼ ð�1; 1=2; 1=2Þ magnetic ordering with
collinear ""## spin arrangement along hexagonal [110]

FIG. 3 (color online). Temperature dependence of the neutron
powder diffraction profiles of AgFeO2. The inset shows the
expansions of profiles in low-Q regions in ICM1 and ICM2 phase.
The data were taken on heating process onWISH. The horizontal
bars denote the experimental resolution at each position.

FIG. 4 (color online). Temperature dependence of (a) the inte-
grated intensity of the magnetic Bragg reflections, (b) the propa-
gation wave numbers, (c) the correlation lengths for
(� 1, q, 12 ) and (� 1

2 , q,
1
2 ). Temperature dependence of (d) the

magnetic momentum components,Mac andMb, and (e) the angle
between the spin direction projected into ac plane and the crystal
a axis �ac. Closed and open symbols denote data measured
with heating and cooling processes, respectively.
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direction [28]. Thus, the nonmagnetic A-site cation plays a
crucial role in the delafossite ferrites not only for the mag-
netic anisotropy but also for the exchange interactions.

Let us discuss the direction of P in the ICM2 phase
based on the deduced magnetic point-group symmetry and
recent theoretical works. The m10 symmetry restricts the
polarization direction to be parallel to the mirror plane
(P ? b). Considering the well-known theory of inverse
DM effect [6] or spin current mechanism [7], represented
by p / rij � ðSi � SjÞð� p1Þ, P is expected to be perpen-

dicular to both rij and Si � Sj, i.e., along the z axis in

Fig. 6 (this direction is very close to the hexagonal c axis).
However, an additional contribution to the polarization
p2 / Si � Sj is also expected by symmetry since the

mixed product p2 � Si � Sj is invariant under all symmetry

operations of C2=m10. Kaplan and Mahanti have shown
that this additional term p2 contributes to macroscopic
polarization in both cycloidal and proper screw helical
cases unless mirror plane containing rij or twofold rotation

axis perpendicular to rij exist [29]. Since p2 is perpendicu-

lar to p1 (see Fig. 6), the direction of the macroscopic
polarization in AgFeO2 should not be restricted by the
well-known formula [2,6,7]. Although the mechanism
causing the appearance of P is the inverse DM effect, its
direction is given by the sum of the two components
p1 þ p2. It should be pointed out here that the p2 compo-
nent parallel to Si � Sj is also applicable for other dela-

fossite compounds ABO2 (A ¼ Cu, Ag, B ¼ Fe, Cr) where

the spin ordering breaks the threefold and inversion
symmetry [8–13]. Finally, we should mention that the
calculations based on the spin-dependent d-p hybridiza-
tion mechanism [16] also yield P ? b.
In conclusion, a ferroelectric polarization P ’

300 �C=m2 was observed in a polycrystalline sample of
delafossite AgFeO2 below TN2 ¼ 9 K. The appearance of
the polarization is related to cycloidal spin ordering with
the incommensurate propagation vector k ¼ ð� 1

2 ; q;
1
2Þ,

with q ’ 0:206, resulting in the polar magnetic point-group
m10. Above TN2, the spins are ordered into spin-density
wave with the modulation vector k ¼ ð�1; q; 12Þ, with

q ’ 0:384 and nonpolar point-group symmetry 2=m10.
The polar magnetic ground state of AgFeO2 is drastically
different from the nonpolar commensurate state of
CuFeO2, testifying the crucial role of the nonmagnetic
A-site cation. The induced macroscopic polarization can
be understood in terms of the inverse Dzyaloshinskii-
Moriya effect with two orthogonal components p1 / rij �
ðSi � SjÞ and p2 / Si � Sj.
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Methylcellulose (MC) thin films on a Si substrate, with a thickness

of �200 �A (near the radius of gyration Rg of the polymer), were

exposed to a saturated water vapor condition to study the moisture

absorption and swelling behavior in situ and the changes in the film

surface topography, structure and temperature-response nature

after such swelling. In situ visual observation of the MC thin films

showed a color change with the swelling to as much as a factor of 5

from the original dry thickness. After removal of the film under

saturated water vapor condition, X-ray reflectivity measurements

revealed no change in the film thickness and surface/interface

roughness of the film which means that the film is robust and retains

its original film structure. Surface topography images by AFM

showed roughening of the film texture due to water cavities on the

film surface. The presence of cavities is indicative of the slow

relaxation process of the polymer chains relative to the transport

time of the water vapor molecules. Temperature-dependent contact

angle measurements of the swelled films showed a loss in the

hydrophilic-to-hydrophobic switching property of the MC film

surface.
1. Introduction

The swelling characteristics of the methylcellulose (MC) polymer and

several cellulose ethers have been much studied in the bulk solution

case mainly due to their hydration properties and swelling of the

polymer chains for use in drug delivery.1–3 In the ultra-thin film case

(sizes comparable to the radius of gyration, Rg, of the polymer), the

film’s swelling property has not been explored which can be of

importance for future device applications of this thermoresponsive

polymer such as thermal sensors and nanoswitches or even for nano-

scale drug delivery systems.4 Moisture absorption and the accom-

panying swelling are important for polymer thin film industries like

microelectronics, adhesives and coatings as water absorption can lead

to degradation of the dielectric properties, corrosion or
aUniversity of Tsukuba, Tennodai 1-1-1, Tsukuba, Ibaraki, Japan. E-mail:
sakurai@yuhgiri.nims.go.jp
bNational Institute for Materials Science (NIMS), Sengen 1-2-1, Tsukuba,
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† Present address: National Institute for Materials Science (NIMS),
Sengen 1-2-1, Tsukuba, Ibaraki, Japan.
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delamination.5,6 In the same way, moisture absorption and swelling

can have detrimental effects on the temperature-response property

which has not yet been studied in the ultra-thin film case even for

other temperature-responsive polymers.

Equilibrium swelling inmicron-thickmethylcellulose hydrogels has

been reported elsewhere.7,8 However, such bulk polymer properties

may be different from the equilibrium structural and dynamical

behaviors of the polymer chains close to the substrate or at some

interface as has been observed in the dependence of the glass tran-

sition temperature on the thickness,9–13 rheological properties14 or

chain mobility close to the substrate15,16 for other polymer systems.

In this work, we visually observed the swelling behavior of meth-

ylcellulose thin films, with a thickness close to the radius of gyration,

Rg, of the polymer (�200�A), in a saturated water vapor environment

for 2 hours. By X-ray reflectivity (XRR) we were able to measure the

change in film thickness and surface/interface roughness before and

after removal of the film under the vapor environment. This is to

determine whether the polymer thin film retained the water vapor

molecules absorbed sincemethylcellulose is known to be hygroscopic.

Atomic force microscopy (AFM) measurements showed the

angstrom scale changes in the surface topography of the films after

swelling. Our previous work showed that annealing at or above the

glass transition temperature of theMC thin film contributed to a loss

in the temperature-responsemechanism (hydrophilic-to-hydrophobic

switch) of the film surface.17 We also studied whether swelling can

have an effect on the hydrophilic-to-hydrophobic switching mecha-

nism by measuring the temperature-dependent contact angle of the

MC surface for the as-prepared and the swelled films.

To the best of our knowledge, this work is the first in reporting the

swelling behavior of methylcellulose in ultra-thin film geometry and

how the swelling would affect the thermo-responsive nature of the

film.
2. Experimental

Analytical grade methylcellulose (MC) polymer powder (molecular

weight: 40 000 gmol�1) fromSigma-Aldrichwas usedwithout further

purification. A 0.5% aqueous solution of the polymer was prepared

via hot water dispersion and cold-water dissolution. 60–80 ml of the

solution was pippetted onto pre-cleaned Si (1 0 0) substrates (size:

15 mm� 15 mm) and spin-coated at a final speed of 5000 rpm for 30

seconds. The Si substrates were cleaned by sequential ultrasonication

for 5–10 minutes in soap solution, distilled water and acetone
Soft Matter, 2012, 8, 7351–7356 | 7351
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followed by heated ultrasonication (55 �C) in 1–2% nitric acid solu-

tion for 30 minutes and then washed with ultra-pure distilled water.

This procedure was repeated 2–3 times until the Si surface was

sufficiently hydrophilic (water covers the entire surface withwashing).

After spin-coating, the films were dried in a vacuum oven (Shimadzu

AS ONE AV0-250N with vacuum <1 torr) at 105 �C for 1 hour to

remove excess solvent.
Swelling observation

The MC thin films were placed in a transparent container (11 cm �
8 cm � 3 cm) with enough water to set the environment at the

saturated water vapor condition at a room temperature of 23 �C or

a relative humidity (RH) of 100%. The film was put on a pedestal to

avoid direct contact with liquid water which can dissolve the film

entirely. Direct visual observation of the swelling phenomenon was

recorded by an ordinary digital camera for 2 hours.

After observing the swelling, the thin films were taken out of the

container to ambient atmosphere (RH z 40–50% at room temper-

ature of 23 �C) and AFM observation or X-ray reflectivity

measurements were immediately done (no drying process, ‘‘naturally’’

or in an oven, was performed).
Atomic force microscopy

Atomic force microscopy (AFM) observations were made using

a Shimadzu SPM9500-J3 scanning probe microscope. Topography

images were obtained in the tappingmode at constant force usingAC

mode micro-cantilever tips (Olympus, Japan) with an average reso-

nant frequency of 70 kHz and an average spring constant of 2 Nm�1

according to the manufacturer’s specifications. The images were

analyzed using the built-in software of the Shimadzu AFM.
X-Ray reflectivity (XRR)

XRR measurements were performed using a home-built X-ray

reflectometer with a q � 2q geometry and Cu as the target. The

incident X-ray energy used was Cu-Ka1 monochromatic X-rays

operated at 8.04 keV (l ¼ 1.54 �A). Data fitting for the specular

reflectivity measurements was performed by the WMUREX soft-

ware.18 From the XRR results, the thickness, density and surface/

interface roughness of the thin film can be determined.
Contact angle measurements

Static sessile drop contact angle measurements in air (ambient

temperature: 25 �C), with water as a probe, on theMC surfaces were

performed on a contact-angle set-up which consisted of: (i) a home-

built Peltier-controlled heating stage which can vary the surface

temperature at a precision of 0.01 �C; (ii) a Musashi Engineering’s

SMP digital plunger system to automatically dispense the test liquid

onto the sample surface with high precision (�0.1 ml); and (iii) an

ordinary web camera. A volume of 4 ml of the test liquid was

deposited onto the surface for each measurement. With the Peltier-

controlled heating stage, temperature-dependent contact angle

measurements were done by heating up the samples to the desired

temperature (from 20 �C to 75 �C) and then equilibrating at the

desired temperature for 5 minutes for the sample surface to have the

same temperature as the heating device and dropping the test liquid
7352 | Soft Matter, 2012, 8, 7351–7356
onto the heated sample surface. Four to five measurements per

temperature were performed on different samples.
3. Results and discussion

Images of the swelling behavior of the MC thin film with a thickness

of around 200 �A in saturated water vapor are shown in Fig. 1 with

increasing time inside the container under the saturated vapor

condition from t¼ 0min, when the film is placed inside the container.

The films we studied were only subjected to saturated water vapor for

2 hours as we suppose that such a time span is enough for the ultra-

thin film to achieve equilibrium condition. The initial color of the film

in ambient atmosphere is transparent brown. The color of the film

changes to a deep dark brown, in this case at t¼ 20 min. The change

in color is not instantaneous for such ultra-thin films and one possible

reason is the saturation of the water vapor inside the container.When

placing the film inside the container, the container is not readily in

a saturated condition. However, it must be noted that the change in

color is instantaneous for the relatively thicker films that we have

studied with a thickness of �600 �A. This means that the greatly

confined geometry of the thinner polymer film hinders its ability to

swell due to its strong interaction with the substrate. Confined

geometry in this case is due to the film thickness being less than the

radius of gyration (Rg) of the polymer. For the MC polymer that we

used, the radius of gyration is �240 �A. Due to such confined

geometry, there is a significant contribution of the interfacial effect

(strong polymer substrate interaction) to the film properties. The

inability to swell which is related to the decrease in the diffusivity of

the water molecules into the film is attributed to the coupling of the

water mobility within the polymer film to the local chain motion,

which has been found to be retarded in thin films.19

The change in color of the film during the swelling observation

from transparent brown to deep brown after 20 minutes signifies

a change in film thickness. From deep brown, the film will further

thicken to a blue color. The film thickness of the swelled film was

estimated from a prior film thickness measurement, by X-ray

reflectivity, using as-prepared MC films fabricated at different spin-

coating parameters which showed different film colors. These films

are shown in Fig. 2. As shown in Fig. 2c, the dark brown colored film

has a thickness of around 800�Awhile the blue-colored film in Fig. 2d

has a thickness of around 1100 �A. Thus, the dark brown color

exhibited during swelling of the film in Fig. 1b–d means a thickness

change to around 800 �A. The blue color exhibited, with continuous

swelling, in Fig. 1e and f represents a thickness change to around

1000�A. Therefore. we were able to estimate the film thickness change

during the swelling observation from such previous experiments of

MC films with different film colors. We tried to measure directly the

film thickness change with white light interferometry as used by ref.

20 to characterize film thickening in polymer layers with swelling in

a vapor environment. However, in our case the film is so thin (250�A)

that the optical path of the traveling light is not long enough to

observe a sufficient number of spectrum extrema in the reflectance

spectrum. Nevertheless, we would try other techniques in the future

to obtain a more quantitative description of the film thickening.

When a dry polymer film is exposed to a solvent, the solvent

molecules enter into the porous structure of the polymer and diffuse

into the entire accessible volume. The solventmolecules are physically

or chemically adsorbed on the surface as well as absorbed into the

pores and the available free volume. In the case ofMC, it is soluble in
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 Time-dependent visual observations of swelling in an MC thin film under a saturated water vapor condition showing the cyclic swelling and

deswelling. (a) t ¼ 0 min (transparent brown); (b) t ¼ 20 min (dark brown); (c) t ¼ 30 min (dark brown at the center, blue at the edges); (d) t ¼ 45 min

(dark brown); (e) t¼ 53 min (dark brown and blue); and (f) t¼ 57 min (dark blue). Initial film thickness is 200 �A, the deep brown color suggests that the

film thickness is �800 �A and the blue color �1000 �A.
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water and there is a strong attractive interaction between the polymer

chains and water vapor molecules. This results in a net repulsive

interaction between polymer segments and will lead to swelling of the

polymer chains which gives rise to the film thickening that we can

directly observe. S. Harms et al.21 in a recent work with another

temperature-responsive polymer system concluded that the thinner

the polymer film, the stronger is the response to swelling; in their case

as much as a factor of 6.5 thickening was observed. They attributed

such a strong response to an increase in free volume as measured by

positron annihilation lifetime spectroscopy (PALS). The increase in

free volume observedwith decrease in film thickness can be attributed

to the additional degrees of freedom near the free surface21 for ultra-

thin films which allows the polymer chains to adapt a more open

chain conformation as compared to the bulk. This is the reason why,

in our case, we can observe a thickening of around a factor of

5 during swelling for the MC thin films.

The excess absorption of the water vapor molecules during

swelling can lead to changes in the film structure (e.g. thickness) and

its surface–interface morphology. Such changes might be retained in

the film even after removal under the saturated water vapor condi-

tion.Methylcellulose is known to be hygroscopic and it can retain the

water molecules absorbed inside its film structure (pores and free

volume) and the diffusion of water vapor molecules in and out of the
Fig. 2 As-prepared MC thin films fabricated with different film thicknesses

122 �A; (b) 251 �A; (c) 878 �A and (d) 1176 �A.

This journal is ª The Royal Society of Chemistry 2012
film can change the surface/interface roughness. Such changes to the

MC film were determined after removal of the film under the satu-

rated water vapor condition.

TheXRRprofile of theMCfilmwas taken in ambient atmosphere

after the films were removed under the saturated water vapor

condition. Fig. 3a shows an insignificant change of the XRR profile

of the film after swelling as compared to that before swelling. The

thickness of the film, which is reflected in the period of the oscillation

fringes, is the same for both conditions. The roughness of the film

along the depth or rms roughness, as shown by the amplitude of the

oscillations, also shows no significant change.

The parameters derived from data fitting of the XRR profile of

Fig. 3a and two other samples, before and after swelling, are shown in

Table 1. The surface and interface (polymer and substrate) roughness

of the films after swelling showed very small changes (maximum of

2.5�A) compared to the roughness values before swelling. The same is

true for the thickness values. This means that even with the film

swelling to a factor of 5 compared to its initial film thickness, the film

retains its original structure and deswelling is complete when the

film is removed from the saturated water vapor condition.

We have studied the relative expansion of MC thin films after

swelling for 2 hours for different film thicknesses over a narrow

thickness range (120–300 �A) to see whether water vapor molecule
showing the different colors of the film with increasing film thickness: (a)

Soft Matter, 2012, 8, 7351–7356 | 7353
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Fig. 3 (a) X-ray reflectivity profile of an MC film before swelling and after removal of the film under the saturated water vapor condition

(measurements were done in ambient atmosphere). Film thickness (period of oscillation fringes) and the surface–interface roughness (amplitude of

oscillations) reveal no significant change in the film structure after swelling in water vapor. (b) Relative expansion of MC films of various thickness after

subjecting to saturated water vapor for 2 hours.

Table 1 Layer thickness d, surface roughness ssurf and interface (poly-
mer–Si substrate) roughness sint parameters from the XRR profiles of
MC thin films before and after swelling for 2 hours

Sample

Before swelling
(as-prepared and dried) After swelling

d (�A) ssurf (�A) sint (�A) d (�A) ssurf (�A) sint (�A)

1 120.3 2.9 5.6 121.3 2.9 3.9
2 221.5 5.5 6.9 224.0 5.2 6.9
3 288.7 3.8 7.2 291.4 5.0 4.7

Fig. 4 Temperature-dependent contact angle measurements ofMC films

before and after removal of the film under the saturated water vapor

condition.
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retention in the film structure depends on the thickness. No thickness

dependence was observed though as shown in Fig. 3b and the very

low relative expansion observed can only be attributed to instru-

mental resolution or systematic errors.

Temperature-dependent contact angle measurements were made

on as-prepared and swelled films after removal in the humid envi-

ronment to determine how the hydrophobic switch property can

change after swelling. As-prepared, i.e., with no heat/swelling treat-

ments, MC thin films show a characteristic hydrophilic-to-hydro-

phobic switching in the surface property when the test liquid water is

dropped at film temperatures around the bulk lower critical solution

temperature of �70 �C as seen in Fig. 4. The change in surface

property with heating in the presence of water is due to surface

reconstruction of the functional moieties (–OH and –CH3) to achieve

an equilibrium state with the contact medium.17 However, for the

films swelled inwater vapor, the surface becamemore hydrophobic at

all temperatures (contact angle z 80�) and the hydrophilic-to-

hydrophobic switch has been lost after the films were taken out of the

humid environment.

We have also observed such a loss in the hydrophobic switching

with annealing of theMCfilm near the glass transition temperature.17

Our explanation for these changes in the surface property with

annealing is surface reorganization during annealing to lower

the surface energy which leads to less polar surfaces. During the

annealing process near the bulk Tg, the polymer molecules on the

surface are free to move towards an energetically favorable configu-

ration tominimize the polymer/air interfacial tension, that is the polar

components buried in the bulk and the nonpolar components
7354 | Soft Matter, 2012, 8, 7351–7356
sticking out of the surface, creating a more hydrophobic conforma-

tion. In the case of the MC film inside the water vapor environment,

surface reorganization would occur due to the attractive interaction

force betweenwater and the –OHmoiety of the polymer,22withwater

being a good solvent for MC. This means that the surface would be

populated with the –OH moiety making it more hydrophilic. We

were not able to confirm this in situ because of the difficulty in

measuring the contact angle while in the saturated water vapor

environment box. But previous time-dependent contact angle

measurements done in as-prepared films using liquid water showed

a slowly decreasing contact angle (from 40� to 27�) on the MC

surface due to such a solvation effect. Therefore, we expect that such

a surface configuration change is possible under the water vapor

environment.

However, upon removal of the polymer film in the saturated water

vapor environment and then measuring the contact angle at

temperatures below 70 �C, the surface was neither hydrophilic (its

surface configuration in the humid environment), nor did it return to

the as-prepared film surface configuration in air with a contact angle

of around 40� at low temperatures. Instead the film became hydro-

phobic at all temperatures. In the as-prepared film, heat greater than

70 �C is required to switch to a hydrophobic state and normal
This journal is ª The Royal Society of Chemistry 2012
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exposure to air cannot result in a hydrophobic surface. Therefore, the

hydrophobicity change after the swelling of the filmmight not be due

to surface reorganization.

The possible reason for the increase in the contact angle of the

swelled samples and the surface morphology and structural infor-

mation were determined by AFM. XRR can only give information

on the out-of-plane roughness indirectly. By AFM, we directly

observed how the surface of the film changed after removal under the

saturated vapor condition. The surface topography of the films was

examined before and after the swelling as shown in Fig. 5. For the as-

prepared MC films, the surface was almost flat with the rms rough-

ness (out-of-plane roughness) of the film at �3 �A as measured by

AFM. After the swelling, the surface topography changed but the

rms roughness was only �5 �A. (Normal Si wafer rms roughness is

between 3 �A and 5 �A.) Water droplet cavities can be observed in

the swelled polymer film where water droplets condensed onto the

polymer surface. With the water droplet cavities, the ‘‘texture’’ of the

surface was significantly affected according to theHurst parameter of

the surfaces as measured by AFM. The Hurst parameter h is

restricted to the range 0< h# 1 and defines the fractal box dimension

D ¼ 3 � h of the surface/interface.23 Small values of h correspond to

extremely jagged surfaces while values close to unity appear to have

‘‘smooth’’ hills and valleys. The as-prepared film has h ¼ 0.96 while

the swelled film has h¼ 0.64. The presence of the water cavities is due

to the slow relaxation or motion of the polymer chains to completely

homogenize the penetrant’s (water vapor) environment.24 This leads

the water vapormolecules to sit in holes or irregular cavities with very

different intrinsic diffusional mobilities. The different texture of the

surface introduced by the water cavities might be one of the reasons

for the hydrophobic surface observed on the MC film at all
Fig. 5 3D view of the surface topography by AFM of: (a) as-prepared MC fi

each image is an enlarged portion in the top view direction for the square ar

This journal is ª The Royal Society of Chemistry 2012
temperatures. Further experiments by other techniques (e.g. XPCS

andFTIR) need to be done, however, to understandmore the surface

state of theMC film as other parameters (e.g. chemical configuration

of the polymer, conformational state of macromolecules, surface

configuration, and energy level of surface-state electrons) can also

influence such a loss in the hydrophobic switching property with

temperature.

Subjecting therefore the MC surface to a high humidity environ-

ment can be destructive to its temperature-sensitive properties. On the

other hand, this result also showed that by saturated water vapor

swelling, the MC surface can be made more hydrophobic at all

temperatures. This can be used to improve the hydrophobicity of the

MC surface for packaging or coating applications.
4. Conclusion

We have studied the moisture absorption and swelling of spin-coated

MC thin films on a Si substrate, with thickness near the radius of

gyration of the polymer, and have observed that the ‘‘confined

geometry’’ of the film leads to a non-instantaneous reaction of the

film upon exposure to water vapor molecules. This can be due to

decreased diffusivity of the water molecules inside the film and

a stronger polymer–substrate interaction which hinders the swelling

of the polymer chains. Even with the film swelling to as much as

a factor of 5 from its original thickness in situ, there is no retention of

the absorbed water molecules after removal of the film under the

saturated vapor condition and the film retains its original film

structure. Temperature-dependent contact angle measurements

showed a loss in the hydrophobic switching property of theMC film,

with the film becoming hydrophobic at all temperatures. Surface
lm and (b) MC film after 2 hours of swelling in water vapor. The inset of

ea indicated.

Soft Matter, 2012, 8, 7351–7356 | 7355
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topography images reveal the presence of water cavities in the film

after annealing which leads to roughening of the film’s texture. Thus,

the change in surface property of the MC film after annealing can be

attributed to changes in the surface morphology of the swelled films.
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