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ABSTRACT

Angle-resolved threshold photoelectron spectra are recorded for size-selected beams of sodium chloride nanoparticles (radius = 25-250 nm).
The photoelectron angular distributions exhibit a size-dependent asymmetry that is inversely proportional to particle radius. A model of the

internal electric field amplitude and the photoelectron escape probability inside the particles reveals that the asymmetry in photoemission

arises because the finite dimensions of the particle are comparable to both the photon penetration depth (14 —22 nm) and electron escape
length (10 nm).

Understanding the surface chemistry and photophysics ofet al!® found that for organic particles the secondary electron
isolated nanoparticles is important for a variety of subjects yield depends upon particle size. Schmidt-Ott and co-
that include solar cell engineering, atmospheric aerosols, andworkers! found a 16-100 times enhancement of the bulk
interstellar chemistry. Currently, there are only a few metal photoemission quantum yields ir#0 nm diameter
molecularly incisive methods for probing the surfaces of free Ag and Au nanoparticles. In this Letter, we investigate
nanoparticles. Mie, Ramarand neutrofscattering methods  nanoparticle photoemission and find that the photoelectron
probe the size, structure, and optical properties of micro- angular distributions of nanometer-sized NaCl aerosols
particles and droplets; however extending some of thesedepend on particle size and result primarily from the
techniques to nanoparticleeemains challenging. Here we asymmetric electric field within the particle.
report a novel way to probe the surface electronic structure Velocity map imaging (VMI) is a sensitive method to ob-
of isolated nanoparticles in a beam using vacuum ultraviolet 4 |ow kinetic energy angle-resolved photoelectron spectra.
(VUV) angle-resolved photoelectron spectroscopy. . VMI allows the simultaneous measurement of the kinetic
Photoelectron spectroscopy (PES) is a surface-sensitivegnergy and angular distributions of ions or electrons origi-
technique because of the shallow penetration depth of deep,4ting from a photoionization event. It is commonly used to
ultraviolet or X-ray radiation and the small escape lengths investigate the photoionization dynamics of atoms, mole-

of the excited photoelectrons. In addition to solid and gas- cules, and clustefHere we adapt a tunable wavelength VUV

pEatse samples, elegt:on erglssmn, ;l)roducedI by eleﬁtrons 0(/elocity map photoelectron imaging spectrometer to the study
photons, IS Now used to probeé complex samples such as 50061‘ nanoparticle photoemission. This approach is used to

i 3 i i 4 —7 i 9
n flal;mes,f llr?wds,t a:je:\rosolsﬁf de. napopsrtlcle% tln "’Il obtain the photoelectron spectra of sub-micrometer aerosol
number ot these Studies, particie Size IS observed 1o piay anparticles as well as to study the angular distribution of photo-

important role in electron emission. For example, Ziemann . . : .
P P electrons as a function of particle size. Recently, this tech-
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Figure 1. Particle size distribution produced by atomizing a 0.5
g/L aqueous solution of NaCl.

are recorded from monodisperse beams of NaCl nanopar-
ticles. Nanopatrticles are prepared by nebulizing or atomizing
aqueous solutions of NaCl (0.5 g/L) in a carrier gas of

hitrogen. Solid particles are fprmgd as the d_roplets pf"‘SSFigure 2. (a) Raw and (b) reconstructed velocity map photoelectron
through a room-temperature diffusion dryer. Size selection images of a polydisperse beam of NaCl particles recorded at a

and particle detection are performed using a commercial dif- photon energy of 12 eV. Arrows indicate the propagation direction
ferential mobility analyzer (DMA, TSI 3081) and a conden- of the particle p) and photon beams).
sation particle counter (TSI 3025A). The size distribution of
NaCl aerosols obtained by these methods is shown in Figuredistribution is shown in Figure 1. The images are recorded
1. The broad distribution has a mean radiB$ ¢f 78 nm at a photon energy of 12 eV. Relative to both the propagation
and a total particle density 6f1 x 10’ particles/cr. direction of the incoming photorht) and particle beams

A focused nanoparticle beam is formed by passing the (p) there is a clear enhancement of photoelectron intensity
particles through a set of aerodynamic lenses (ABL), emanating from the side of the particle beam directly
yielding a beam diameter of1.5 mm® in the interaction illuminated by the incoming synchrotron radiation. A number
region of the spectrometer located 25 cm from the exit of checks for possible artifacts such as detector inhomoge-
aperture of the ADL. The particle beam is skimmed twice neity are performed. These tests indicate that the angular
after exiting the ADL to achieve a base pressure in the asymmetry does indeed originate from the asymmetric
velocity map photoelectron spectrometer 0fx110°° Pa. emission of electrons from the particle beam. It is important
At the Advanced Light Source, tunable VUV radiation (.5  to emphasize that the asymmetric photoemission (denoted
30 eV) is generated by a 10 cm period undulator and here asx) observed for nanoparticles is different from the
dispersed % a 3 m normal incidence, off-plane Eagle anisotropy parametep) that normally describes photoion-
monochromator located at the Chemical Dynamics Beamline. ization events in gas-phase atoms, molecules, or clusters. A
The particle beam is illuminated by an estimated flux 010 detailed analysis of the particle size dependence of this
photons/s at 10 eV (15 meV bandwidth). Additional experi- angular asymmetrya{) is considered below.
mental details can be found in ref 13. Shown in Figure 3a is the NaCl particle photoelectron

Synchrotron radiation intersects the nanoparticle beam atspectrum obtained by radially integrating the reconstructed
90° forming a detection plane parallel to the velocity map image shown in Figure 2. Kinetic energy calibrations of the
imaging electron detector. The polarization of the undulator electrons and the instrumental resolution are obtained using
beam is horizontal and parallel to both the propagation Xe gas. Despite the angular asymmetry, the photoelectron
direction of the particle beam and the plane of the electron kinetic energy distributions in the forward and backward
detector, consisting of microchannel plates and a phosphorhemisphere are identical within the instrumental resolution.
screen. The electron optics are biased to achieve “velocity The photoelectron spectrum is similar to previous results
map” conditions so that all electrons with the same momen- reported for a NaCl thin film, which for comparison is also
tum in the plane of the detector are imaged to the sameshown in Figure 3B8% There is a slight difference in the
position on the detector. The kinetic energy and angular overall band profile obtained for particles compared to the
distributions are extracted from the raw images using thin film, with the latter (recorded at a photon energy of 75
standard reconstruction methods. Here the photon beameV) showing a distinct shoulder at11.3 eV ionization
propogation direction is the symmetry axis, since the energy. The valence band spectra of the alkali halides is
photoelectron angular distributions are dominated by the interpreted as originating mainly from anion p levels (Cl
vector normal to nanoparticle surface, rather than the 3p)16 Currently, the reason for the lack of a clear shoulder
polarization vector of the photon beam. toward higher energy in the particle phase photoelectron

Shown in Figure 2 are the raw and reconstructed photo- spectrum is unclear. This could result from morphological
electron images of a polydisperse NaCl beam, whose sizedifferences (e.g., density, crystalline vs amorphous) between
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Figure 3. Photoelectron spectra of NaCl: (a) particles recorded ¢
athy = 12 eV fy offset= 0.5) and (b) thin film® athy = 75 eV. 45

thin films and particles or simply due to the instrumental
resolution (0.25 eV) of the VMI spectrometer. Final state
resonances in the conduction band accessed at 12 eV bu
not at 75 eV could also be responsible for differences in
spectral intensity. 35
The center of the particle photoelectron band is located at
an ionization energy of 10.2 eV and has a width of 1.8 eV,
consistent with previous spectra recorded for NaCl sur-
faces:®*® A fit of the high kinetic energy side of the  Figure 4. Raw photoelectron images of size-selected NaCl particles
photoelectron band vs photon energy yields a straight line as a function of photon energy. Arrows indicate the propagation
with an intercept of 8.2+ 0.1 eV. This value corresponds direction of the particled) and photon beams).
to the valence band threshold for NaCl particles. This value
is in good agreement with previous thin film studie.1 There is a clear depletion of signal in the forward
eV) indicating that any electronic perturbation due to particle hemisphere with respect to the incoming photon beam. The
geometry is small. In addition, no size-dependent change inmagnitude of this asymmetrg can be quantified by taking
the particle phase photoelectron spectrum is observed,the ratio of the integrated intensities in the forward and
indicating that for the sizes investigated here no modification backward hemispheres. This is done by separately integrating
of the bulk-phase electronic structure occurs. More impor- the top and bottom halves of the reconstructed image. Equal
tantly, the close agreement of the photoelectron spectrumintensity in the forward and backward hemisphees=(1)
with previous thin film studies suggests that particle charging corresponds to isotropic photoemission. An asymmetry ratio
does not influence the absolute kinetic energy axis in theseof 0.5 indicates that there is twice as much integrated
experiments. Clearly, using a continuously refreshed particle intensity emanating from the top relative to the bottom of
surface in this way eliminates sample charging and radiationthe image. In this case, more electrons are emitted in the
damage that often complicate photoemission measurementdackward direction along the axis of the incoming photon
of insulating samples at synchrotron light sources. beam. In Figure 5¢. (hv = 10.9 eV) is plotted VR, the
To examine how the asymmetry in angular photoemission particle radius, revealing a clear particle-size dependence.
depends upon the particle size, a DMA is used to produce aThe images become increasingly symmetric at small particle
beam of monodisperse particles. The size selection is notsizes. Images collected at other photon energies yield a
perfectly monodisperse but has a full width at half-maximum similar dependence fow and are omitted for brevity. In
of ~11 nm. Shown in Figure. 4 are raw velocity map images general, similar angular patterns are observed, but not
recorded as a function of both particle size and photon previously analyzed, for nanoparticle beams of insulators
energy. In this figure the photon beatw) propagates from  such as Kl, Si@, oleic acid, glyciné? and phenylalanine
the top to the bottom of the image, while the particle beam glycine—glycine*®ionized at threshold. In contrast, metallic
(p) travels from left to the right in the plane of the image. nanoparticles (Au and Ag) exhibit nearly symmetric photo-
The intense spot at the middle of the image corresponds toemission that probably arises from the large differences in
zero kinetic energy electrons, while the off-center bright spot photoelectron dynamics in conductors, as will be considered
in some of the images is an artifact that originates from in a forthcoming publication.
background photoelectrons that are not well-focused under Plottinga vs R yields a straight line also shown in Figure
particle beam velocity mapping conditions. This aberration 5 (inset). A linear extrapolation of this plot predicts an
is also present in photoelectron images of pure Xe gasasymmetry ratio of 1 (equal intensity in the forward and
collected utilizing the same velocity map imaging system. backward hemispheres) Bt= 24 + 4 nm. From Lambert’s
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1.0 the electron migration steps. The distance from the surface
that electrons are produced by a photon is on average shorter
for a curved surface than for a planar interface of a macro-
scopic sample. In a sphere, for example, this is simply due
to the larger fraction of radiation striking the particle surface
at oblique or grazing angles. Similarly, at a given creation
L L A S depth, photoelectrons migrate over shorter distances to reach
o 1 2 3 410 the curved particle surface compared with a bulk sample and
Radius (nm) a planar boundary. These geometric effects depend upon
particle size and at least in part have led to enhanced
’{"{% + secondary electron yields of organic aero¥bés well as
photoelectron quantum yields in metallic nanopartiéles.
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To further examine how geometry influences the photo-
absorption and electron migration steps and to understand
in more detail the relationship betweenand R, a model
Figure 5. (@) Experimental asymmetry parametes,vs particle for particle photoemission is developed. Our approach is
radius,R, athy = 10.9 eV. (solid line) Model results using an index ~ similar to the one first developed by Wats8rror the model,
of refraction of 1.78+ 0.6 (Las= 15 nm) and an electron mean  the NaCl nanoparticles are approximated as spheres so that
free path (myp) of 10 nm. (Inset) Experimental values famlotted  — njie theory can be used to calculate the electromagnetic field,
vs inverse radiusR 1) shown with a linear fit (dashed) and model . . . . .
results (solid). E, inside a spherical nanoparticle that gives rise to photo-

emission. A cubic grid of 10& 100 x 100 points is defined

law, the absorption length(Las) for NaCl can be computed SO that the particle exactly fits inside a box of 100 on a side.

as For each pointX, y, 2) on the grid and inside the patrticle,
the intensity factotE(x,y,2)|,> computed via Mie theory, is

J) used to estimate the photoexcitation probability. Shown in

Labs= 7.2 1) Figure 6 are contour plots that indicate the electric field

amplitude (E|?) as a function of particle radius(.). For

where 4 is the incident photon wavelength amdis the particle radii of 100 nm and largeff=|? is strongly peaked
imaginary component of the refractive index. For bulk NaC| ©n the side of the particle directly illuminated by the incom-
at photon energies between 9 and 10 e\ficreases from N9 photon beam. In this case, there is a strong preference
0.5 to 0.7 yielding absorption lengths of 22 and 14 nm, for photoelectrons to be emitted in the backward direction,
respectively. These values are consistent with the experimenSimPply reflecting the strong asymmetry in the electric field.
tally derived photoabsorption lengti®f ~10—20 nm for As the particle size decreases, the photon beam penetrates
evaporated films of Csl, KI, Rbl, Nal, and CsBr at 8.8 ev. more deeply into the material providing a more uniform photo-

Electron inelastic mean free paths depend upon kinetic €xcitation probability. For example ia 5 nmradius particle,
energy and are well described by a “universal cuffelec- |E|2 is uniformly distributed throughout the entire particle
trons with kinetic energy between 30 and 1000 eV escapeindicating that photoemission would be nearly isotropic.
from depths between 2 and 50 nm. For low-energy electrons To computex as a function of particle size using the field
(<10 eV) the escape lengths are more uncertain due tocontours shown in Figure 6, the photoelectron originating
electron-phonon interactions in the solid. Nevertheless, these from a position whose coordinates agey, zis assumed to
escape lengths can range from a few to several hundredbe emitted at random polar and azimuthal angleand ¢
nanometers and are clearly expected to be on the order of(sampled from a uniform 20< 20 grid) relative to the
the dimensions of the NaCl nanoparticles used in this study. polarization direction. The polarization direction is averaged

When the particle radius approaches the size of both theover the three Cartesian directions (taken toxpg andz)
photoabsorption length and electron inelastic mean free path,n determining the overall emitted photoelectron intensity.
isotropic @ = 1) photoelectron emission is observed. For a givend and¢, the photoelectron intensity is assumed
Conversely, as the particle size exceeds both the photoabto be weighted by siho e %, where the sifhid factor is
sorption and electron escape lengths, the images becomehe intensity expected for dipole excitatiah.is the angle
more asymmetric, suggesting that only a fraction of the total between the polarization direction and the outgoing electron.
particle volume (i.e., thin skin) is emitting photoelectrons. The factor €% is the attenuation function for a photo-
This interpretation is consistent with the linear relationship electron traveling along a lengthbetween the coordinate
of o with R, suggesting that the origin of the asymmetry x,y, zand the sphere surfade., is the electron mean free
reflects the increasing importance of surface layers with path. Thus the overall expression for the averaged photo-

decreasing particle size. emission intensity in the forward direction is given by
To accurately describe photoemission from particles or
small clusters, the effect of surface curvature is considered by oF 360

numerous author$:#-2° The confined geometry of nanom-  f_ = Z Z ;0 ;O IE(xy,2)%e Y sin 6 sinf (2)
eter-sized particles influences both the photoexcitation and pof=Ry,z %yz 6=0 §=
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Figure 6. Contour plots, obtained via Mie theory, show the electric
field amplitudes|E|,? inside 100, 50, 20, and 5 nm radius particles.
Red corresponds to regions of higf? inside the particle. Arrows
indicate both the polarization vector and the propagation direction
of the photon beamh{).

where sind is the weight associated with integration over
the polar angle. The corresponding backward interfigityard

is an average ovef from 90° to 18C, which is used to
computea = fowardfoackwara TO Obtaina as a function of
particle radiusfmay it is straightforward to show that the
distance the photoelectron traveld) (is related to the
variablesx, y, z, 0, ¢, andrmax via

d= -G+ G +1,, >~ R~y 7 3)

where
G =xsinf cos¢ + ysinf sing + zcoso 4)

In reality, the experimental NaCl particles are nonspherical.
The experimental radius] in Figures 1 and 5 is assumed

simply equating the projected areas of a spherg,, with

that of a cube (R).? This yieldsrmax = (4/7)?R. While there

may be some error in assuming that the orientational average
of cubes may be related to spheres, this transformation
provides a somewhat more realistic comparison of theory
with experiment than takingmax = R. In the past, some
deviations from cubic structure have been observed in
micrometer-sized NaCl particl@sFor the results presented
here, this is not expected to change the main conclusions
drawn from the model.

Figure 5 showsx versusk computed using eq 2 and Mie
theory calculations using an index of refraction of 1¥8
0.6 taken from Miyata and Tomiki® At 10.9 eV this
corresponds to an absorption length of 15 nm. In general,
Figure 5 shows that the model results are in reasonable
agreement with the measurements, with the transition from
oo = 1 toa < 0.5 occurring between radii of 40 and 100
nm. Electron attenuation plays a critical role in determining
the model results in Figure 5, with the 10 nm electron
migration length yielding the best agreement with experiment
on average. A mean free path of 10 nm is consistent with
the range of values previously computed by Akkerm#n.
Smaller values ofyi, tend to underestimate the experimental
a for R < 40 nm, while larger g, overestimatex for R >
100 nm. Given the uncertainties in the model, such as the
assumption of a unit transmission coefficient when the
electron strikes the particle surface and spherical particles,
the quality of the agreement between theory and experiment
is quite reasonable.

VMI of nanopatrticle beams reveal that although-2%0
nm NaCl particles exhibit bulklike electronic properties, there
is a strong angular asymmetry in the photoemission that
depends upon particle size. For insulating partictess
observed to be linear with inverse radius, which reflects the
increasing importance of particle size relative to the photo-
absorption and electron migration lengths. Metallic nano-
particles, such as gold, have similar refractive indices as NaCl
in the VUV, yet the electron dynamics in conductors may
produce very different photoelectron angular distributions
than insulators. Preliminary results indicate that this is indeed
the case.

Additional experimental studies are underway to examine
how an organic film on a NaCl particle influences the
photoelectron angular distribution and the photon penetration
depth. These experiments are designed to utilize the surface
sensitivity of PES to address more challenging aspects of
particle-phase heterogeneous tropospheric chemistry such as
the oxidative aging of organic aerosol surfaces. Furthermore,
measuring angle-resolved photoemission spectra of silicate
or graphite aerosols coated with ice or aromatic hydrocarbons
could provide a more realistic proxy for understanding the
complex role of dust grains in the photoelectron heating of
interstellar clouds?

For a cube there are no known analytic solutions for
Maxwell's equations. As a result, a simpler model of

to correspond to half the edge length of a perfect cubic crystal photoemission was used here instead. This approach, based
of NaCl. Since spherical particles are used in the Mie theory upon the Mie theory of spherical particles, captures the

calculations,rmax is transformed to the experimentglby

2018

overall functional form ofx versus particle radius and reveals
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that the internal electric field distribution inside the particle

plays a large role in producing the photoelectron angular
patterns observed in the experiment. The model provides
confirmation of the underlying physics of asymmetric particle

photoemission and its dependence upon particle size. Not
surprisingly, however, there remain some discrepancies
between the model and experiment as illustrated in Figure
5. To resolve these differences, more sophisticated numerical
approached} such as the discrete dipole approximation,

could be used to investigate more subtle features of photo-
emission in nonspherical nanometer-sized objects. For

example, cube corners or edges can produce enhanced ©)

photoemission due to highgE|? in these geometric regions.
As such, spherical particles may not accurately account for

the magnitude of these enhancements even when a random(%)

ensemble of cubes is probed in a nanoparticle beam.
When combined with nanoparticle beams, VMI provides

a new way to probe the surfaces of condensed matter using

techniques originally designed for gas-phase atoms, mol-
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