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ABSTRACT
We have developed an experimental system to simultaneously measure surface structure, morphology, composition, chemical state, and chem-
ical activity for samples in gas phase environments. This is accomplished by simultaneously measuring x-ray photoelectron spectroscopy
(XPS) and grazing incidence x-ray scattering in gas pressures as high as the multi-Torr regime while also recording mass spectrometry. Scat-
tering patterns reflect near-surface sample structures from the nano-scale to the meso-scale, and the grazing incidence geometry provides
tunable depth sensitivity of structural measurements. Scattered x rays are detected across a broad range of angles using a newly designed
pivoting-UHV-manipulator for detector positioning. At the same time, XPS and mass spectrometry can be measured, all from the same sam-
ple spot and under ambient conditions. To demonstrate the capabilities of this system, we measured the chemical state, composition, and
structure of Ag-behenate on a Si(001) wafer in vacuum and in O2 atmosphere at various temperatures. These simultaneous structural, chemi-
cal, and gas phase product probes enable detailed insights into the interplay between the structure and chemical state for samples in gas phase
environments. The compact size of our pivoting-UHV-manipulator makes it possible to retrofit this technique into existing spectroscopic
instruments installed at synchrotron beamlines. Because many synchrotron facilities are planning or undergoing upgrades to diffraction lim-
ited storage rings with transversely coherent beams, a newly emerging set of coherent x-ray scattering experiments can greatly benefit from
the concepts we present here.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0044162

I. INTRODUCTION

Nano- and atomic-scale understanding of chemical and struc-
tural processes is highly sought-after in many technologically rel-
evant areas: from photovoltaics1 and information storage2 to bat-
teries3 and heterogeneous catalysis.4 Additionally, practically all
important technological or natural processes take place in ambient
gas environments. These environments often induce complex rela-
tionships between structure, chemistry, and function. For example,

as dimensions reach the nanoscale, transition metals and transition
metal oxides exhibit size dependent behavior, contributing to heavy
metal migration in geological systems.5–7 Reactant gas environ-
ments can lead to pressure-dependent adsorbate coverages8–10 and
potentially initiate nanocluster formation at catalyst surfaces, subse-
quently altering reaction pathways.8,11,12 Active species in bimetallic
alloy catalysts can segregate under reaction conditions, altering their
operando surface composition.13,14 Polyamide membranes for water
purification exhibit correlations between water permeability and the
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presence of nanoscale Turing structures.15 A detailed understand-
ing of the correlation between chemistry, structure, and function in
these systems requires multimodal investigations. Additionally, each
of these processes occurs in heterogeneous environments, and mea-
suring them in ambient gas mixtures requires in situ or operando
techniques.

In the past two decades, a number of operando spectro-
scopic and structural probes were developed to study heterogeneous
interfaces.16,17 For example, environmental transmission electron
microscopy (ETEM) enables cross-sectional elemental mapping
in ambient pressure environments.18 Polarization-modulation
infrared reflection-absorption spectroscopy (PM-IRRAS) provides
an operando probe of interfacial adsorbates.16 Dynamic surface
restructuring at pressures from ultrahigh vacuum (UHV) to the bar
regime can be measured with atomic resolution using high pres-
sure scanning tunneling microscopy (HPSTM) and atomic force
microscopy (HPAFM).17,19,20 Operando studies of surface chemical
composition and chemical states, as well as adsorbate species, can
be pursued with ambient pressure x-ray photoelectron spectroscopy
(APXPS).21

In spite of the growth of operando methods over the last two
decades, understanding the detailed relationship between dynamic
surface restructuring and chemical transformations remains a diffi-
cult task. One challenge lies in correlating chemical transformations
with structural evolutions, each measured with separate techniques.
This is often done using separate samples, separate measurement
sets, and frequently in entirely separate experimental systems.
Across experimental systems, differences in pressure measurements,
sample temperatures, time resolutions, and sample quality can lead
to difficulties comparing structural and chemical changes in sepa-
rate measurements. This opens a gap between the two experiments,
complicating the interpretation of separately collected data and hin-
dering the accuracy of such separate experiments. Therefore, multi-
modal approaches, such as the one presented in this work, have been
undertaken at various synchrotron facilities with a few successful
results. For example, a combined APXPS and IRRAS study utilized
the sensitivity introduced by IRRAS to identify species that were not
detected in APXPS measurements.22 Some experimental systems are
now also equipped to measure x-ray based spectroscopies and x-ray
diffraction (XRD).23 For example, a setup at the Argonne National
Laboratory allows for simultaneous analysis of chemistry and struc-
ture using hard x-ray photoelectron spectroscopy and XRD in a
specifically designed pulsed laser deposition chamber.24 To address
the need for simultaneous structural and chemical probes under
ambient conditions, we have combined APXPS with grazing inci-
dence x-ray scattering (GIXS). This combination enables the simul-
taneous correlation of sample chemical states and adsorbate species,
with surface structures that emerge in heterogeneous environments,
where ambient pressures reach into the Torr regime.

II. COMBINING AMBIENT PRESSURE PHOTOEMISSION
AND X-RAY SCATTERING

In XPS, x-ray photons incident on a material cause photoelec-
tron emission if the photon energy exceeds the binding energy of
electrons in the material. The resulting photoelectron intensity at
various kinetic energies provides information about surface chem-
istry, composition, valence states, and adsorbate coverage.25 Because

electrons are strongly scattered by matter, these photoelectrons are
predominantly from the surface and near-surface regions, with typ-
ical probing depths in the few nm range. Electrons are also strongly
scattered by gas molecules, and thus, most XPS experiments are per-
formed in high or ultrahigh vacuum conditions. To measure under
ambient pressures, APXPS apparatuses are equipped with a small
(sub-mm) aperture in front of the sample surface, which photo-
electrons pass through.21,26 This aperture leads to a differentially
pumped electrostatic lens system and then to a hemispherical elec-
tron energy analyzer, as shown in Fig. 1.27 The differential pumping
strongly reduces scattering of photoelectrons in the lens system by
gas molecules, allowing them to reach the hemispherical analyzer
where differential pumping maintains high vacuum.

While some photons incident on the sample are absorbed to
produce photoelectrons, some are also elastically scattered. The
resulting scattering pattern reflects the arrangement of scattering
centers in the sample (i.e., the sample structure). X rays incident at
grazing angles enable x-ray scattering measurements in the reflec-
tion geometry (as in Fig. 1),28 opposite to the transmission geome-
try, allowing simultaneous measurements of ambient pressure GIXS
(APGIXS) and APXPS.

X rays scattered from samples form an interference pattern with
maxima (constructive interference) at angles inversely related to the
location of the scattering centers. When the scattering patterns are
generated by x rays at grazing incidence, the corresponding x-ray
scattering techniques are broadly grouped into grazing incidence
wide angle x-ray scattering (GIWAXS) and grazing incidence small
angle x-ray scattering (GISAXS).

Depending on the wavelength of the incident x rays, GIWAXS
provides access to atomic scale information at large scatter-
ing angles, making it ideal for studies of crystal structures and
their transformations.29,30 Meanwhile, at smaller scattering angles,
GISAXS has been applied to the study of more extended struc-
tures in thin film growth, nanoparticle stability, block copoly-
mer thin film evolution, and quantum dots, for example Refs.
31–34. There is no unambiguous delineation between the small-
and wide-angle regimes in GIXS, and combined GISAXS/GIWAXS
investigations provide a detailed picture of crystal structures and
the growth or evolution of structures from the nanoscale to the
mesoscale.35

III. DESCRIPTION OF THE EXPERIMENTAL
APPARATUS

Measurement of GIXS across the small- and wide-angle
regimes in ambient gas environments poses a number of chal-
lenges. For example, simultaneous APGIXS and APXPS measure-
ments require (i) that x rays be incident on samples at positions that
optimize the photoelectron intensity reaching the analyzer, while
also scattering into angles accessible by the x-ray detector. Detect-
ing structures from the atomic-scale to the meso-scale also requires a
detector capable of both (ii) measurement over a wide range of scat-
tering angles and (iii) high angular resolution (especially for coher-
ent scattering and observing speckles). Additionally, (iv) the photon
detector itself often needs to be in vacuum, isolated from gas phase
sample environments.

To address these issues, we developed the experimental config-
uration illustrated in Fig. 1. In this layout, a custom UHV sample
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FIG. 1. Schematic of a combined ambient pressure XPS/GIXS system. X rays from the source (beamline, right side) enter the sample chamber through a silicon nitride
(SiNx) window (blue, right). Photoelectrons are collected by the differentially pumped electrostatic lens system and analyzer (bottom), which are separated from the sample
environment by a small aperture near the sample surface. Photons scattered from the sample are measured by a detector (left side). A SiNx window separates the x-ray
detector from the gas environment. X-ray scattering angles (θf, αf) correspond to specific qy and qz.

chamber is connected to the x-ray source at beamline 11.0.2 of the
Advanced Light Source in Berkeley36 with a practical photon energy
range of 180–1800 eV. The chamber is also connected to a differ-
entially pumped commercial APXPS analyzer (SPECS Phoibos 150
NAP), as well as a moveable differentially pumped x-ray detector
(Andor iKon-L SO CCD). X-ray transparent silicon nitride win-
dows separate the sample environment from both the x-ray source
(beamline) and the x-ray detector. The APXPS detector is sepa-
rated from the sample environment by differential pumping stages,
as discussed in Sec. II. A four-axis sample manipulator enables lin-
ear sample translation in three dimensions and polar angle rotation.
Although not shown in Fig. 1, the chamber is also connected to
a sample preparation and load-lock chamber, providing basic sur-
face science type treatments, such as Ar+ bombardment. How this
layout addresses the challenges (i)–(iv) enumerated in the previous
paragraph is discussed next.

A. Addressing challenge (i)
A commercially available four-axis manipulator (Thermionics

Inc.) enables three dimensional cartesian positioning of the sample,
and polar rotation with respect to both the x-ray beam source and
the APXPS analyzer. Control over the sample polar angle facilitates
sample alignment such that grazing incidence x rays generate pho-
toelectrons, which enter the APXPS aperture, while some photons
simultaneously scatter from the sample toward the detector. In our
system, a ∼100 μm wide x-ray beam is incident on the sample surface
∼0.5 mm from the 0.3 mm wide APXPS aperture. When the x-ray
beam is at grazing incidence with respect to the sample surface, this

geometry elongates the x-ray beam along the beam direction, gen-
erating scattered x rays from an elongated sample region. This can
cause a mismatch between the field of view of the APXPS analyzer
and the area from which scattered x rays are collected. Several solu-
tions exist for this problem. One is to focus down or clip the x-ray
beam with an aperture, decreasing the area of the beam illuminating
the sample to match the analyzer’s field of view. Alternatively, sam-
ple areas equal to or smaller than the analyzer field of view limit the
scattering area to the same region APXPS is collected from. This is
especially applicable to engineered samples prepared by lithography,
where the patterned area can be matched with the hemispherical
analyzer field of view. Additionally, homogeneous samples can be
used, rendering the measurements insensitive to the sample region
where data are collected.

The grazing incidence geometry, facilitated by polar angle con-
trol, also enables control over the information depth for these tech-
niques. The penetration depth of x rays drastically decreases with
decreasing incidence around the critical angle, which can be as high
as several degrees at 1000 eV. Meanwhile, the emission angle in XPS
affects the depth contribution of photoelectrons reaching the ana-
lyzer. We note that, in principle, a transmission scattering geome-
try could also be used, although the sample thickness becomes an
important consideration in that case.

B. Addressing challenge (ii)
To measure GIXS over a wide range of scattering angles, we

developed a new pivoting-UHV-manipulator capable of scanning
an x-ray detector in two angular dimensions [Fig. 2(a)]. As shown
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FIG. 2. Pivoting-UHV-manipulator. The model (a) and picture (b) show an edge
welded bellows (1) attached to two CF flanges. The chamber side CF flange is
rigidly attached to a UHV chamber. The whole assembly pivots around two bear-
ings at the chamber side, allowing them to independently rotate about the bearing
axes (blue arrows). This enables detector motion through a solid angle (green
curved arrows) with ∼±12○ around either axis. The detector is mounted on the CF
flange at the right (2), where a 150 nm thick silicon nitride window (3) separates it
from gases in the sample chamber. The volume between the window and detector
can be pumped through one of the CF mini ports (4). Detector motion is controlled
by a pair of approximately orthogonal precision linear actuators (5).

in Fig. 2, this device is attached to our vacuum chamber by a 6 in.
CF flange at one end [left side of Fig. 2(a)]. At the opposite end
is a 6 in. CF flange where a vacuum compatible x-ray detector can
be mounted [right side of Fig. 2(a)]. UHV is maintained between
these two sides by a combination of flexible edge welded bellows,
4 in. stainless steel tubes, and 6 in. CF flanges. At the chamber-
side, the pivoting-UHV-manipulator contains a pair of rotation axes
that enable movement of the detector in two angular dimensions
[straight blue arrows in Fig. 2(a)]. The vacuum bellows is flexi-
ble, bending and maintaining vacuum when the detector is moved.
Detector motion is controlled by a pair of precision linear actuators,
with a step resolution of 10 μm. The top of each actuator is attached
to the pivoting-UHV-manipulator by a rotatable ball joint so that
actuator extensions or retractions precisely translate the manipula-
tor across two angular directions [Fig. 2(a)]. Each actuator base is

connected to a universal joint fixed to the system frame (not shown),
allowing the actuators to pivot while controlling the detector posi-
tion. This layout facilitates movement of the detector in two angular
directions across a pseudo-spherical cap, illustrated by green curved
arrows at the right side of Fig. 2(a). An important aspect of x-ray
scattering measurements is the range of available scattering angles
where the camera has direct, unobstructed line-of-sight to the sam-
ple. This range is primarily determined by the size and position of
the main vacuum flange between the chamber and pivoting-UHV-
manipulator. This set of unobstructed angles determines the range
over which scattered x rays can be detected and is illustrated in Fig. 1
by the red arrow scattered by the sample. We optimized this range,
and the range of detector motion, to coincide with x-ray scattering
angles relevant to many ambient pressure investigations. Scattered
x rays beyond the angular range represented by the red arrow in
Fig. 1 will be obstructed. In our present layout, the angular range
can be as large as ∼±12○ azimuthally and 0○ to +24○ in the polar
direction (with respect to the sample), which accommodates mea-
surement of features as small as ∼2 nm for the photon energy range
available at beamline 11.0.2 at the ALS. This range can be increased
by using a larger diameter bellows and a larger port on the chamber,
which provides more space for scattered x rays to pass unobstructed
to the detector. This design facilitates GIXS measurements in both
the small-angle and wide-angle regimes. One major advantage of
this design is its relatively compact size. As shown in Fig. 2(b), the
entire pivoting-UHV-manipulator, which moves the x-ray detector,
is not much larger than our eight-inch-wide UHV sample cham-
ber. This is significantly smaller than conventional SAXS flight tubes
by approximately an order of magnitude or more. As a result, this
design can be implemented for GIXS measurements in existing sys-
tems whose size is constrained by the amount of experiment floor
available around the instrument.

C. Addressing challenge (iii)
One critical experiment that requires high angular resolution is

coherent x-ray scattering. Coherent illumination of a distribution of
scattering centers gives rise to a so-called “speckle pattern,” which is
characterized by interference of photons scattered by that distribu-
tion. Changes in the speckle pattern can be measured to understand
changes in the distribution of scattering centers. To extract meaning-
ful information about the evolution of scattering center distributions
in such measurements, a detector must have resolution at least as
fine as the speckle size, σ, which depends on the photon wavelength,
λ, the distance between the sample and detector, D, and the width of
the coherently illuminated area, a, as37

σ =
λD
a

. (1)

In the experimental setup described in this section, we use a
CCD camera as our detector, with 2048 × 2048 pixels2 and 13.5
× 13.5 μm2 pixel size (Andor iKon-L SO). Given formula (1),
the minimum sample–detector distance for a 30 μm spot-size and
1.5 keV radiation at beamline 11.0.2.1 of the Advanced Light Source
is ∼50 cm. To measure with high angular resolution across the
small- and wide-angle regimes and facilitate future coherent scat-
tering experiments, the pixel size of the detector and its positioning
require a resolution on the order of ∼10 μm. Such conditions are
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necessary to pursue more sophisticated investigations of structural
dynamics.

Matching the speckle size and the detector resolution is, how-
ever, not the only condition that needs to be met in order to perform
coherent scattering experiments. With the current photon source,
only a small central portion of the beam is coherent. Therefore, a
small aperture (<10 × 10 μm2 SiNx window) selecting this part of
the beam would be installed at the beamline/chamber interface. The
mechanical stability of the system (beam aperture at the chamber
entrance, the sample, and detector positions) also has to be suffi-
cient to maintain a consistent speckle pattern. Last but not least,
the x-ray optics and x-ray transmissive windows, both between the
photon source and sample and between the sample and detector,
will influence the shape of the wave-front and impact the coher-
ent properties of the light. We expect that wave-front distortion by
x-ray windows will be a manageable problem, similarly to hard x-ray
coherent scattering beamlines, which use thick beryllium windows.
All these issues have to be addressed before such experiments, and
further details will be a scope of future publications. Still, inclusion
of these features in the system design is necessary to accommodate
future coherent scattering measurements.

D. Addressing challenge (iv)
Using a CCD camera for measuring scattered x rays

presents a unique challenge in ambient pressure environments.
To lower electronic thermal noise, CCD detectors are usu-
ally cooled using multiple-stage Peltier elements. As a result,
any humidity or other condensable gases can coat the camera
surface, causing electrical shorts and artifacts in the imaging,
and inevitably reducing the lifetime of the camera. It is there-
fore necessary to isolate the detector from the gas phase sam-
ple environments. For the experimental setup described in this
section, this is accomplished using a 150 nm thick x-ray trans-
parent silicon nitride membrane with an area of 27 × 27 mm2

(Silson Ltd.). The window is divided into a 3 × 3 array of 8.33
× 8.33 mm2 sections, divided by 1 mm thick frames, which enhance
the membrane stability against high pressure differentials [Fig. 2(a)].
Scattered x rays pass through the silicon nitride membrane to reach
the CCD detector, while the membrane isolates the CCD chip

from the gas phase environment of the sample chamber. These
membranes are stable up to pressure differentials of several tens of
Torr, which enables x-ray scattering measurements in ambient pres-
sure gas environments across a similar pressure regime to that acces-
sible in our APXPS system (<20 Torr). This has the added benefit of
protecting the CCD chip from corrosive gases, enabling the study
of a number of additional systems in, e.g., corrosion science. A set of
four 1.33 in. CF flanged ports on the camera side of the x-ray window
(shown in Fig. 2) enables the use of differential pumping, pressure
measurement, and other diagnostic devices (e.g., a photodiode and
a beam stop). We also note that during the measurements shown in
Sec. IV, a beam stop prevented the CCD camera from saturation by
the reflected beam [Figs. 3(b)–3(d)]. It was mounted on a 1.33 in. CF
flange on the chamber, with motion controlled by a pair of orthogo-
nally positioned UHV linear feedthroughs. One feedthrough enables
insertion or retraction of the beam stop into or from the beam path.
The other can mechanically tilt the beam stop to adjust its position
perpendicular to the scattering plane. To monitor the gas composi-
tion, including the formation of reaction products, we also installed
a quadrupole mass spectrometer in the first differential pumping
stage of the electrostatic lensing system (Fig. 1), where the pressure
is about four orders of magnitude lower than in the sample cham-
ber. This enables mass spectrometry measurements to accompany
the aforementioned APXPS and APGIXS. Mass spectrometers are
by now a standard part of practically all APXPS systems around the
world, and they are used primarily in the field of catalysis. Finally,
in situ sample preparation is enabled by a sample heater and ther-
mocouple on the sample manipulator and by an ion gun and gas
leak valves in the preparation chamber.

IV. PROOF-OF-PRINCIPLE MEASUREMENTS
OF Ag-BEHENATE

To confirm the capabilities of this newly built system, we mea-
sured changes in Ag-behenate (AgC22H43O2) layers deposited on
SiOx as a function of temperature in the presence of O2 gas. The
Ag-behenate molecule [Fig. 3(a)] contains a long-chain silver car-
boxylate, which, when deposited onto a substrate, forms dimers that
arrange into a layer-by-layer structure with an interlayer spacing of
∼5.84 nm. Because of its regular interlayer spacing, Ag-behenate is a

FIG. 3. X-ray scattering from Ag-behenate. (a) Ag-behenate molecular structure. (b) Scattering pattern containing the first order x-ray scattering peak from Ag-behenate.
(c) Low exposure acquisition (117 s) of the Ag-behenate scattering pattern. A gray arrow designates the scattering intensity maximum from the Ag-behenate layers. (d)
Low exposure acquisition of the Ag-behenate scattering pattern after heating in oxygen gas. The gray arrow designates the location where the scattering feature from
Ag-behenate layers existed before heating. (e) Intensity line profile across the vertical centerline shown in the scattering pattern in (b). Note that 735 eV photons were used
in (b), and 1000 eV photons were used to produce (c) and (d).
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common reference standard in x-ray scattering experiments.38,39 Its
layered structure yields a scattering pattern characterized by rings of
high intensity at Q = 0.108 Å−1 and at successively higher order scat-
tering maxima.40 In our measurements, Ag-behenate was deposited
onto a Si(001) surface covered by a native oxide layer by drop-casting
a Ag-behenate-in-ethanol solution onto the surface and allowing the
solution to dry in air. Once placed in vacuum, this system gener-
ated a clear scattering pattern in our GIXS measurements, shown
in Fig. 3(b). The intensity line profile across the vertical centerline
[Fig. 3(e)] shows a clear peak at 0.108 Å−1, as expected. We note
that the intensity of the scattering feature decreases somewhat from
the side of the image in Fig. 3(b) where the recording was started
(right) to the end (left), suggesting that over the course of the image,
some beam damage may occur. The x-ray sample exposure during
this acquisition was ∼5 × 1015 photons.

As a result, we recorded the images shown in Figs. 3(c) and
3(d) and the spectra shown in Fig. 4 on a fresh sample, with

FIG. 4. (a) APXPS of the C 1s region on Ag-behenate under various conditions.
Three features appear at 283.8 (C–C), 285.9 (RCOO), and 287 eV. The higher
BE peak is characteristic of more highly oxidized carbon species in response to
added oxygen. (b) Ag 3d region. Positions are shown for Ag+ in Ag-behenate,
metallic Ag0, and Ag2+ upon heating in O2(g). Each spectrum in (a) and (b) is
fitted with a Shirley background shape, represented by a gray line at the base of
each spectrum. Photons with 1000 eV excitation energy were used to collect the
C 1s and Ag 3d spectra.

significantly smaller exposure to the x-ray beam to mitigate beam
damage. The total exposure during x-ray scattering and APXPS mea-
surements in the case of Figs. 3(c), 3(d), and 4 was ∼3.5 × 1014

photons per condition, more than an order of magnitude lower than
for the image in Fig. 3(b). Figure 3(c) shows the x-ray scattering pat-
tern of an as-prepared Ag-behenate/Si(001) at a fresh spot. Due to
the different incident photon energy used to collect Fig. 3(c) com-
pared to Fig. 3(b) (1000 eV vs 735 eV), the scattering feature appears
at a different angle. Upon annealing in oxygen, the scattering fea-
ture practically vanishes, reflecting the loss of the structural integrity
of the Ag-behenate film. We now turn our attention to APXPS
data describing this annealing process from the point of view of
chemistry.

Figure 4(a) shows C 1s XPS spectra for Ag-behenate/Si(001)
corresponding to x-ray scattering patterns shown in Figs. 3(c) and
3(d) before and after annealing in oxygen. Because Ag-behenate
contains a CHx backbone with 21 carbon atoms and a terminat-
ing carboxyl group (–COO), the XPS intensity in the C 1s region is
expected to have its largest contribution from C–C species, generally
appearing near 284 eV.41 In addition, adventitious carbon species
accumulate on surfaces exposed to air and contribute to the C 1s
spectrum near 284 eV.42 The bottom spectrum in Fig. 4(a) was taken
in vacuum after introducing the sample into the chamber, with over-
lapping C–C and adventitious carbon peaks appearing in the C 1 s
region, along with a peak produced by the carboxyl group in Ag-
behenate at 286.9 eV.43,44 The ratio of these two peaks was ∼10:1
[Fig. 4(a)]. This contrasts with the composition of the molecule,
which has 22 C atoms, only one of which exists in a carboxyl group.
Experimentally, the ratio of these two peaks not only reflects the ratio
of each type of carbon species in the molecule but is also influenced
by the presence of contaminant species on the sample, by the ori-
entation of the molecules on the surface, and by the integrity of the
molecular structure. Regarding the molecular integrity, Ag-behenate
is known to decompose upon prolonged exposure to air and light,
which can contribute to different spectral weights in the C 1s spec-
tra, and create a diffuse photon scattering background. Hence, the
vacuum XPS in the C 1s region in Fig. 4(a) reflects that Ag-behenate
has undergone some decomposition, and the sample contains other
carbon-containing species, potentially altering the area ratios of the
relevant peaks. Figure 4(b) shows the Ag 3d spectra corresponding
to each condition from Fig. 4(a). In vacuum, the Ag 3d spectrum
contains a peak at 367.8 eV, characteristic of Ag+.45 The presence of
a feature above 370 eV is indicative of Ag satellite features, which
can contain contributions from Ag0 and/or Ag partially oxidized by
interaction in Ag-behenate.46

After characterizing the surface in vacuum, we added 1 Torr
of O2 gas into the chamber. Oxygen exposure reduced the inten-
sity of the C–C peak at 284.5 eV, suggesting a reaction with some
of the carbon species at the surface. At the same time, the inten-
sity of the peak at 286.9 eV remained approximately the same as in
vacuum. This indicates that the carboxyl groups in Ag-behenate do
not rapidly decompose upon O2 exposure in these conditions, even
when parts of the molecule decompose slowly when exposed to light
and ambient air conditions. The decrease in the C–C peak is accom-
panied by the appearance of a feature at 288.5 eV, characteristic of
more highly oxidized carbon species resulting from exposure to O2
gas.47 In the C 1s region, when the sample was heated to 145 ○C in
1 Torr of O2, only a 10% decrease in the intensity of the C–C peak
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was observed, indicating that the remaining carbon did not react
readily with oxygen at this temperature. Nevertheless, the scattering
feature generated by regularly spaced layers of Ag-behenate nearly
vanished [Fig. 3(d)]. Ag-behenate undergoes thermally induced car-
bon chain folding above 120 ○C, where it adopts a new molecu-
lar packing arrangement that decreases the Ag-behenate interlayer
spacing.39 This is consistent with our observation that the feature
due to scattering from regularly spaced Ag-behenate layers nearly
vanishes under these conditions.

The chemical transformation of Ag-behenate, as observed by
APXPS, is consistent with the results of the simultaneous scatter-
ing experiments. Nevertheless, the altered packing arrangement of
the Ag-behenate layers has a structure, which should also produce
a scattering pattern detectable in the angular range of our GIXS
system.39 However, we note that the C–C and carboxyl intensities
decreased somewhat while heating in oxygen, and at the same time,
the BE of the Ag 3d peak shifted to 367.3 eV upon heating in O2.
This latter BE shift is characteristic of a transformation to Ag2+,45

suggesting that the Ag atoms from the Ag-behenate layered struc-
ture further oxidize into AgO. The oxidation of Ag under these
conditions could coincide with a change in the structure of the Ag-
behenate layers, explaining the disappearance of the diffraction ring.
Additionally, the diminished intensity of both the carboxyl and C–C
peaks suggests that the molecules begin to decompose with some
components becoming volatile.

V. CONCLUSIONS
These combined APXPS and APGIXS measurements on Ag-

behenate illustrate the power of correlating chemical and structural
transformations for samples in gas phase environments. Changes
in the Ag-behenate layered structure were observed using APGIXS
and were correlated with changes in the Ag oxidation state and
carbon chemistry observed in the Ag 3d and C 1s XPS regions.
Combining APXPS and APGIXS provided a simultaneous picture
of the chemical state and structure of the sample and also pro-
vided a detailed picture of their evolution in an O2 gas environment
and different thermal conditions. Our approach to understand-
ing correlations between structure and behavior is applica-
ble in a variety of fields, where important phenomena often
involve complex relationships between structure, chemistry, and
activity.5–15

The geometry of APXPS measurements involves x rays incident
on surfaces in a way that inherently enables scattering measure-
ments in the reflection geometry (Fig. 1). Additionally, our develop-
ment of a compact pivoting-UHV-manipulator to control the detec-
tor motion makes this configuration highly customizable. Using an
x-ray transparent SiNx membrane to isolate the x-ray detector
enables GIXS measurements for samples in a wide variety of gas
phase environments. These developments make it possible to retrofit
many existing APXPS, XPS, and other experimental systems to
include simultaneous (AP)-GIXS measurements with relatively low
cost and effort.

Further related techniques can also be enabled using this
approach. For example, X-ray photon correlation spectroscopy
(XPCS) measures correlations in scattering intensities from a distri-
bution of scattering centers illuminated by coherent photons. The
evolution of the correlation between speckle patterns over time

provides a measurement of the evolution of scattering center distri-
butions in a sample.48 This opens new possibilities to study dynamic
systems and transformations on their natural timescales. Sev-
eral soon-to-be-emerging diffraction limited synchrotron sources
around the world will offer coherent flux intensities increased by
orders of magnitude, allowing measurements with time resolution
into the microsecond and nanosecond regimes.
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