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Spin-polarized photoemission from wurtzite and zinc-blende gallium nitride (GaN) photocathodes has been observed
and measured for the first time. The p-doped GaN photocathodes were epitaxially grown and activated to negative elec-
tron affinity (NEA) with a cesium monolayer deposited on their surfaces. A field-retarding Mott polarimeter was used
to measure the spin-polarization of electrons photoemitted from the top of the valence band. A spectral scan with a tun-
able optical parametric amplifier (OPA) constructed to provide low-bandwidth light revealed peak spin polarizations of
17% and 29% in the wurtzite and zinc-blende photocathodes, respectively. Zinc-blende GaN results are analyzed with a
spin-polarization model accounting for experimental parameters used in the measurements, while possible mechanisms
influencing the obtained spin polarization values of wurtzite GaN are discussed.

Spin-polarized electron beam generation is a critical com-
ponent for many nuclear and particle physics experiments
by enabling the study of spin-dependent properties such as
parity-violation and nucleon spin structure1–4. Spin-polarized
electrons are also valuable in electron microscopy for inves-
tigating magnetic structures and material spin states5–7. For
these applications, photocathodes based on Gallium Arsenide
(GaAs) are currently the only viable spin-polarized source
and are employed at facilities such as the Mainz Microtron
(MAMI)8 and the Continuous Electron Beam Accelerator Fa-
cility (CEBAF)9. Future facilities like the International Linear
Collider (ILC)1 and Electron-Ion Collider (EIC)10, which call
for higher average beam currents than facilities operating to-
day, can benefit from a more robust spin-polarized electron
source.

Spin-polarized electrons from GaAs11 are produced with
circularly-polarized light at a photon energy tuned to the ma-
terial bandgap to photoexcite electrons occupying the top of
the valence band into the conduction band. Ordinarily, these
electrons could not contribute to the photoemission process
because their energy is not sufficient to overcome the work-
function. Fortunately, GaAs can be brought to a condition
called Negative Electron Affinity (NEA) where the conduc-
tion band minimum is at a higher energy than the vacuum on
the surface, thus enabling bandgap energy photons to produce
photoemission. Bulk GaAs is limited to a theoretical maxi-
mum spin-polarization of 50% because of its light-hole (LH)
and heavy-hole (HH) degenerate band states12, while mea-
sured polarization is around 35% due to various depolariza-
tion mechanisms13–16. In strained superlattice GaAs, the de-
generacy can be removed and >90% spin polarizations are
achievable17.

To activate GaAs to NEA, about one cesium monolayer
and an oxidant are deposited on the surface18. This layer is
highly reactive to gas molecules and, therefore, GaAs opera-
tion requires an extreme-high vacuum (XHV) environment,
which restricts its use to DC electron guns only. Despite
XHV operation, chemical poisoning19,20 along with ion back-
bombardment21 and thermal desorption22 severely limit the
operational lifetime of NEA GaAs photocathodes. While
much work has been done to improve the lifetime23–27, there
is motivation to investigate other materials as potential robust
spin-polarized electron beam sources28. A recent result indi-
cates an alkali-antimonide photocathode (K2NaSb) can pro-
duce spin-polarized electrons29. In this work we present the
first ever spin-polarized electron beam demonstration from
Gallium Nitride (GaN) based photocathodes grown in both the
hexagonal wurzite (W-GaN) and cubic zinc-blende (ZB-GaN)
crystal orientations30.

GaN is a direct bandgap material widely studied for its use
in light emitting diodes (LEDs) and other opto- and micro-
electronics31–36. W-GaN37 and ZB-GaN38 have respective
bandgap energies (Eg) of 3.4 and 3.2 eV39. Like GaAs, a GaN
photocathode requires activation to NEA for efficient opera-
tion. Despite its common use in the electronics industry, GaN
has been far less investigated as a photocathode material be-
cause growth techniques for high-quality samples were devel-
oped much more recently than those of GaAs40. Nonetheless,
GaN boasts many interesting photocathode properties41,42. P-
doped W-GaN has achieved >50% quantum efficiency (QE)43

and N-polar GaN was used to achieve NEA without Cs44.
The thermal conductivity of GaN is more than a factor of
two larger than that of GaAs45,46 which may mitigate thermal
desorption effects at high operational beam currents. NEA
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W-GaN has also demonstrated a 20 times longer dark life-
time at its emission threshold energy of 365 nm compared
to GaAs at 780 nm47, indicating GaN to be a more robust
photo-emitter. GaN has been extensively studied for its appli-
cability in spintronics and spin-polarized devices48–52. Sev-
eral works have reported asymmetries between left and right
circularly-polarized light emission in W-GaN resulting from
spin-polarized excitation52–55.

Mg-doped (3×1019 cm−3 Mg concentration) W-GaN and
ZB-GaN samples were epitaxially grown on single-crystal W-
GaN and 3C-SiC substrates, respectively (see the Supplemen-
tal Information for details on sample preparation, narrow band
UV laser and spin polarization measurements). They were ac-
tivated to NEA through Cs deposition yielding QEs of 16.5%
with W-GaN and 5% with ZB-GaN at 265 nm. To character-
ize the photoemission, a spectral response was performed with
both UV (LEDs) and visible (monochromator with white-light
Xenon lamp) light. This data is plotted in Fig. 1, where ex-
pected bandgap energies of around 3.2 eV and 3.4 eV, and
their associated QEs of 0.1% and 3.9% (respectively for ZB-
and W-GaN) are shown.

Both the LEDs and monochromator produced light with
a typical 10 nm bandwidth (BW). The energy spread corre-
sponding to this bandwidth far exceeds the valence band split-
ting of W- and ZB-GaN. Consequently, to be able to measure
the electron spin polarization (ESP) accurately, a narrow-band
(1.4 nm FWHM), tunable UV source was developed.

FIG. 1. The QE of the ZB and W-GaN photocathodes. The inset data
was measured near the spin-polarization region (shown in gray) of
the photocathodes with the 1.4 nm bandwidth UV laser.

To compare dark lifetimes, measurements were performed
under similar vacuum conditions at a 2×10−10 Torr base pres-
sure near each photocathodes’ bandgap energy, (365 and 385
nm respectively for W and ZB-GaN) yielding 1/e lifetime val-
ues of 11.3 and 4.5 hours, as shown in Fig. 2. For compari-
son, a GaAs photocathode (100, Zn-doped at 9 × 1018 cm−3

concentration) was activated with Cs only and monitored with
a 780 nm laser to measure a corresponding 1/e lifetime. As
shown in Fig. 2, we see a lifetime of 0.3 hours, 12 times

FIG. 2. Threshold lifetimes of the NEA W-GaN, ZB-GaN and GaAs
photocathodes compared under similar vacuum conditions.

less than that of the ZB-GaN and 38 times less than that of
W-GaN. The higher robustness of NEA GaN photocathodes
over GaAs was also found in Ref. 47. Once spectral and life-
time characterization was complete, the photocathodes were
transferred under vacuum into a Mott scattering polarimeter
for ESP characterization. The resulting ESP values are shown
in Fig 3, where ZB-GaN produced a peak ESP of 29% at 386
nm and W-GaN achieved a peak ESP of 17% at 364 nm.

FIG. 3. Measured spin polarization from W-GaN (top) and ZB-GaN
(bottom) photocathodes.

To model ZB-GaN spin polarized photoemission, we start
with the model from D’Yakonov and Perel14 (DP model),
which approximates the spin-polarization of electrons in a ZB
structure upon excitement from the circularly-polarized light.
This model has also been the foundation of a GaAs Monte
Carlo spin polarization calculation16. ZB-GaN possesses a
valence band split between the degenerate HH/LH bands and
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the split-off (SO) band separated by an energy of ∆so
56. How-

ever, in ZB materials with a small ∆so, the SO band states start
blending slightly with the HH/LH band states, so this must
be considered in spin polarization calculations. Note the DP
model cannot be applied to wurtzite structures, which have a
non-degenerate valence band. In the model, where n = 1,2,3
correspond to the HH, LH and SO bands respectively, spin
polarization is calculated as

Po =
∑n P(n)

o Kn

∑n Kn
. (1)

Here, P(n)
o refers to the initial degree of spin orientation of the

electrons excited from each valence sub-band n, and Kn are
values proportional to the absorption coefficients from the n-
th valence sub-band. Both P(n)

o and Kn are calculated from
the material properties of Eg, ∆so, mc, mh and ml . The last
three values are the effective masses of conduction band elec-
trons, heavy-holes and light-holes, respectively. Experimental
measurements and calculations typically yield ∆so in the 15-
20 meV range57–60 (significantly less than the ∆so = 340 meV
of GaAs12). In terms of m0, we have mc = 0.1561, mh = 1.362

and ml = 0.1962 for ZB-GaN. Po(λ ) is shown in blue in Fig.
4. Here we see where Po(λ ) decreases with decreasing wave-
length as the photon energies become large enough to excite
electrons from the SO band. The shoulder corresponds to
the SO band absorption threshold with an expected 50% ESP
peak.

We can therefore calculate the theoretically expected frac-
tion of spin-up/spin-down electrons computed with the DP
model, N±(λ ) from

P(λ ) =
N+(λ )−N−(λ )

N+(λ )+N−(λ )
, (2)

where N+(λ ) + N−(λ ) is constrained to be 1. To consider
an incident light bandwidth with an associated energy spread
comparable to ∆so, we convolve N±(λ ) with light intensity

N±(λ ,B) =
∫

I(λ ′,λ ,σλ )N±(λ
′)QE(λ ′)dλ

′, (3)

where I(λ ′,λ ,σλ ) is the intensity distribution at a wavelength
λ , which in our calculations is assumed to be Gaussian, σλ is
the bandwidth and λ ′ is an integration variable. In the above
formula we also account for the QE dependence on wave-
length using data taken from Fig 1. Using Eqns. 2 and 3,
we compute the theoretically expected spin polarization.

The resulting curve (Peff(λ ,σλ )) is shown in green in Fig 4,
calculated for σλ = 0.59 nm (FWHM 1.4 nm). When comput-
ing the curve, Eg, ∆so were allowed to vary to best fit the data.
We additionally introduce another parameter M as a multi-
plicative constant to Eqn. 3 to account for the electron de-
polarization that occurs between excitation and emission not
accounted in the DP model and assumed to be wavelength-
independent. From this model, we obtained fit values of
Eg = 3.205 eV and ∆so = 15 meV. This ∆so value agrees with
a value reported for a ZB-GaN sample grown on 3C-SiC57.

The parameter M can be used to scale the DP model
curve to approximate the theoretically obtainable ESP with
monochromatic light illumination (Pe(λ )) as shown in red in
Fig 4. Fitting to our data yielded M = 0.66, leading to a
33% maximum obtainable ESP. This value is similar to the
35% typically reported for bulk GaAs, where due to the much
larger ∆so, the light bandwidth is ordinarily not considered.

FIG. 4. A model to approximate the theoretical spin polarization
spectrum of the ZB-GaN photocathode. Po(λ ) is the DP14 excitation
distribution, described in the text. Pe(λ ) is the excitation distribu-
tion scaled to account for depolarization mechanisms. Peff(λ ,σλ =
0.59 nm) is the expected curve given 1.4 nm BW incident light.

Although ZB-GaN demonstrates higher spin-polarizations,
it is much more difficult (with less-developed growth tech-
niques) to grow than W-GaN. Its heteroeptaxial growth usu-
ally produces a defect-rich surface63, specifically full of anti-
phase boundary (APB) defects64. APBs and stacking faults
originate and propagate up from the interface between the
3C-SiC and GaN due to a substantial lattice mismatch. To
characterize these defects, another ZB-GaN sample and an-
other single-crystal W-GaN were grown for atomic force mi-
croscopy (AFM) images, shown in Fig. 6. Predictably64, the
ZB-GaN sample exhibits many APBs where the crystal grain
is rotated by 90 degrees. Such defects are not typical of ho-
moepitaxial single-crystal W-GaN samples, reportedly pos-
sessing around 105 cm−2 dislocation densities65,66, whereas
they have been measured around 109 cm−2 for ZB-GaN64.

The DP model applied to ZB-GaN can not be applied to a
wurtzite structure, where the HH and LH bands are nondegen-
erate and split from a third valence sub-band called the crystal
field (CR) band67,68. The W-GaN HH/LH band separation can
be calculated as67

∆E =
∆cr +∆so

2
− 1

2

√
(∆cr +∆so)2 − 8

3
∆cr∆so, (4)

where ∆cr is the crystal field splitting. Given it is non-
degenerate, the theoretical maximum W-GaN ESP is 100%,
however, the weak spin-orbit coupling leaves only a very
small HH/LH separation. The values in Eqn. 4 have been
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FIG. 5. W-GaN and ZB-GaN photocathode AFM scans. The W-
GaN photocathode, shown in areas of a) 20×20 µm2 and b) 2×2
µm2 has a much smoother surface (0.36 nm RMS roughness) and a
consistent crystal grain. The ZB-GaN photocathode, shown in areas
of c) 20×20 µm2 and d) 2×2 µm2 is characterized by APBs and a
relatively rough surface (3.52 nm RMS roughness), as detailed in the
text.

extensively calculated and measured60,67,69–77, and a review
article on the topic notes experiments seeming to converge
around ∆cr = 10 meV and ∆so = 17 meV78, yielding a ∆E =
5.2 meV HH and LH band separation. For these values, a
16.6 meV separation can also be calculated between the LH
and CR band67.

W-GaN room temperature spin relaxation time measure-
ments, influenced by substrate characteristics, doping con-
centration, and dislocation density, span from just under a
picosecond to around 100 picoseconds79–83. The consid-
erably shorter spin relaxation time in W-GaN compared to
ZB-GaN84, which has a room temperature value of around
1 nanosecond85,86, is a possible explanation for lower spin-
polarization measured in W-GaN. In one experimental work,
a W-GaN sample with a slightly lower dislocation density
demonstrated a longer spin relaxation time81. However, a
mechanism where an increased dislocation density could lead
to an increased spin relaxation time has been investigated87.

As shown in Fig 1, both crystal orientations exhibit pho-
toemission far below the bandgap photon energy, which is
common in GaN photocathodes43. However, as shown in Fig.
3, the W-GaN photocathode exhibits a long tail in its spin-
polarized photoemission with below bandgap photon energies
(the top of valence band is at a 3.4 eV photon energy or 365
nm wavelength). We focus our discussion of this unexpected
behavior in W-GaN on various defect states found in GaN
and on the Franz-Keldysh (FK) effect, both of which have
been previously used to explain sub-bandgap photoemission
in GaN88,89.

Nitrogren vacancies and Mg acceptors are common defects
found in MBE-grown Mg-doped p-GaN90,91. Nitrogen va-
cancies have been attributed to bands (seen in various photo-

luminescence measurements on Mg:GaN) far below (around
0.5 eV and up) the band gap energy92–96 and may be re-
sponsible for the sub-bandgap photoemission in this region.
The primary bands near the bandgap concern Mg acceptor
defects91,95. The Mg acceptor ionization energy is slightly
over 200 meV in W-GaN,95,97,98 but only 100 meV in ZB-
GaN,96,99. Mg acceptor states may explain sub-bandgap spin-
polarization as they may possess spin-orbit and crystal-field
splittings in W-GaN as some works discuss100–102. In an ex-
perimental work, the P3/2 character of the Mg acceptor states
was observed via magnetic resonance only in samples with
low dislocation density103. Since our W-GaN is such a sam-
ple (while the heteroepitaxial ZB-GaN sample has a signif-
icantly higher dislocation density), a long sub-valence band
spin-polarization tail in the W-GaN sample could be explained
by a split Mg acceptor level state. Furthermore, in ZB-GaN,
the acceptor level may not be as strongly polarized as in
W-GaN because it is not aided by the crystal field splitting
present in W-GaN. Mn-doped GaAs may present the same ef-
fect, where the Mn acceptor states may also produce spin-
polarized photoemission104,105.

Another possible mechanism is the FK effect, which could
also potentially produce spin-polarized electrons from below
bandgap photon energies. The FK effect106,107, occurring
when strong electric fields (can be externally-applied, though
in our case, induced by the dopants) bring some valence band
electrons into the bandgap, has also been extensively studied
in GaN108–112.

Consequently, because of the lower Mg acceptor ionization
energy in ZB-GaN discussed above, ZB-GaN typically has
higher hole concentrations than W-GaN for the same Mg con-
centrations. A Hall Effect measurement performed on our W-
GaN sample resulted in a 9.1×1017 cm−3 hole concentration,
slightly higher than other measurements indicating a 3×1019

cm−3 Mg concentration corresponding with hole concentra-
tions of 1-6 ×1017 cm−3 in W-GaN90,113,114. Since the 3C-
SiC substrate is conductive, parallel conduction prohibited
an accurate hole concentration measurement in the ZB-GaN
sample, however hole concentrations of 7×1018 cm−3 in ZB-
GaN99,115 are to be expected with our Mg concentration. Con-
sidering the ZB-GaN sample likely possesses a higher hole
concentration, one would expect it to have a stronger induced
electric field, and thus a stronger FK effect than W-GaN. How-
ever, as discussed, the dislocation density of the ZB-GaN sam-
ple is likely several orders of magnitude larger than that of
the W-GaN. Crystal structure defects common to heteroepi-
taxial ZB-GaN can produce a wide spectra of states around
the valence band edge that may not be spin-polarized64,116. It
is likely the appearance of these defect states drowns out the
ability to photoemit spin-polarized electrons in this region, ei-
ther from a Mg acceptor state or the FK effect. While Mg ac-
ceptor state splittings and the FK effect are interesting mecha-
nisms to explain the wide W-GaN spin-polarization curve, fur-
ther work is necessary to understand the origins of the broad
tail observed in our W-GaN ESP data.

The demonstration of GaN as a spin-polarized photocath-
ode is a promising result with opportunities for improvements
towards the viability for GaN as a robust spin-polarized elec-
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tron source. ZB-GaN displays spin-polarization comparable
to that of bulk GaAs and already boasts a longer dark life-
time. Further lifetime and QE enhancements may come from
improved growth techniques to yield a better crystal quality
with less defects. One path towards improved ZB-GaN films
is through the use of an AlN nucleation layer by improving the
lattice mismatch between GaN and 3C-SiC, thereby reducing
crystal defects116,117.

A possible path towards improving the ESP of ZB-GaN is
to introduce crystal strain to remove the HH/LH degenerancy,
commonly done with GaAs. The properties of strained W-
GaN are already well-understood67,77,118,119, and works de-
tail experiments done with both strained W-GaN120 and ZB-
GaN structures121. One work reported a nearly 100% circu-
larly polarized photoluminescent beam produced with such a
sample49.

While the ability to grow W-GaN with superb crystal qual-
ity already yields high QEs and long dark lifetimes, it has a
relatively low ESP value. Cooling W-GaN during photoemis-
sion may improve the ESP value, as one work shows that the
spin-relaxation time in n-type GaN increases by a factor of 5
at 50 K from that of room temperature122. Lowering the dop-
ing concentration may also help increase the spin relaxation
time, although doing so could sacrifice QE.

W- and ZB-GaN QE may be improved with the use of Dis-
tributed Bragg Reflectors (DBRs), as done with GaAs123,124.
DBRs have been grown with both W-GaN125–127 and ZB-
GaN128. Further photocathode robustness improvements may
also be found through robust hetero-structures used as NEA
activation layers, which have been developed to improve the
operational lifetime of GaAs23–27, and through enhancements
in N-polar GaN129, which has demonstrated a Cs-free NEA
condition44. The GaN bandgap may be tuned with indium in-
corporation (InGaN)50,130–132, which may provide a path to-
wards an incident-light-tunable spin-polarization source.

Spin-polarized photoemission has been measured for the
first time from both wurtzite and zinc-blende GaN photocath-
odes. The p-doped photocathodes were epitaxially grown and
characterized in a Mott Polarimeter. The wurtzite GaN photo-
cathode exhibited a higher quantum efficiency and dark life-
time at threshold wavelengths than that of the zinc-blende
photocathode. However, using a tunable OPA, a peak spin po-
larization of nearly twice that of wurtzite GaN was observed
in zinc-blende GaN.

See the Supplementary Information for additional details
on GaN sample growth and the narrow-band circularly polar-
ized UV light source.

The authors would like to thank J.K. Bae, N. Otto and M.A.
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SUPPLEMENTAL INFORMATION

I. SAMPLE PREPARATION

GaN samples were grown in a Veeco Gen10 molecular
beam epitaxy (MBE) system at Cornell University. The cham-
ber features effusion cells filled with elemental sources of gal-
lium, aluminum and magnesium. To grow W-GaN, a 2×2 in2

single-crystal GaN substrate was purchased from Ammono
and diced into a 7×7 mm2 square. For the ZB-GaN sub-
strate, a 4×4 in2 wafer of a 10.3 µm thick silicon carbide
(3C-SiC) layer on a 525 µm thick silicon (Si 100) base pur-
chased from NOVASiC was diced into a 1×1 cm2 square.
The surface morphologies of the two substrates are shown in
atomic force microscopy (AFM) scans in Fig. 1. Prior to sam-
ple growth, the substrates were ultrasonicated sequentially for
10 minutes each in acetone, methanol and isoproponol before
being inserted into the MBE chamber, where they were out-
gassed at 200 degrees Celsius for 7 hours. Next, a 100 nm
thick unintentionally-doped (UID) GaN layer was grown on
each to set the epitaxial, atomic (W or ZB) structure of the
material. This was then followed by a 1 µm thick Mg-doped
GaN layer, which was grown in each respective orientation.
To optimize the QE of the photocathodes, the doping con-
centration was set to 3×1019 cm −3 based on work reported
elsewhere43. Metal-rich conditions were maintained through-
out the epitaxial growth process, grown within the step-flow
growth mode. Ga droplets were desorbed in-situ at the con-
clusion of the growth.

After growth, the samples were removed from the MBE
system and placed into a static vacuum suitcase (exposed to
air for less than 10 seconds) to be transported across campus
to the Bright Beams Photocathode Laboratory133. Once trans-
ported, the suitcase was vented and the sample was mounted
on a stainless steel puck. The sample was fixed to the puck by
a cap with a 7 or 5 mm diameter hole to expose the GaN. For
good electrical and thermal contact, a small amount of indium
foil was placed on each of the 4 edges of the sample beneath
the cap. During this process, the photocathode was exposed
to air for approximately five minutes before insertion into the
photocathode activation chamber.

The samples were annealed at 600 degrees Celsius for 6
hours prior to NEA activation. Here, the photocurrent was
monitored with 10 µW of 265 nm light generated by an LED
incident on the photocathode while Cs was deposited onto the
surface with a filament source. Cs deposition was stopped
when the QE peaked.
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FIG. 6. AFM scans of the single-crystal W-GaN substrate and 3C-
SiC substrate. The single-crystal W-GaN substrate, shown in areas
of a) 10×10 µm2 and b) 2×2 µm2 has an RMS roughness of 0.57
nm, while the 3C-SiC substrate, shown in areas of c) 10×10 µm2

and d) 2×2 µm2 has an RMS roughness of 0.49 nm.

II. NARROW BAND UV SOURCE

Characterization of a GaN photocathode as a spin-polarized
electron source requires illumination with a narrow spectral
bandwidth due to the relatively small valence band splitting.
Additionally, for spectral analysis of both W and ZB-GaN,
broad tunability between 360-390 nm is required. To ac-
complish this, we constructed an optical parametric amplifier
(OPA) with output in the near-infrared and added a frequency-
doubling stage to achieve the required UV wavelengths. The
OPA is powered by a 20W PHAROS laser system purchased
from Light Conversion which generates approximately 100 fs
laser pulses at a repetition rate of 1.1 MHz and a wavelength
of 1030 nm. The beam is split between two paths. In the first
path, the light is frequency doubled to 515 nm and used as
the pump source of the OPA. In the second path, the pulses
are tightly focusing into an undoped YAG crystal to gener-
ate a (chirped) white light supercontinuum for the OPA signal
beam. The 515 nm and white light are then recombined in-
side a beta barium borate (BBO) nonlinear crystal where the
OPA process occurs. A tunability range from 720–780 nm
was achieved by adjusting the crystal orientation and relative
arrival times of the signal and pump light inside the BBO crys-
tal.

The OPA output is frequency-doubled using a bismuth tri-
borate (BiBO) nonlinear crystal134. Over the OPA tunabil-
ity range, the frequency doubled process typically had 5-
10% conversion efficiency, nominally producing 10-20 mW
of narrow-band UV light. The beam is then launched into
a single-mode UV optical fiber for transport to the Mott po-
larimeter. Nonlinear spectral broadening observed in the fiber
was minimized by reducing the laser intensity prior to launch-

ing into it. At the sample, we achieved a spectral bandwidth
(full-width half-maximum) of 1.4 nm and a power level of 5
µW across the tunable UV ranges.

Circularly polarized light is required to excite an electron
beam with a net spin polarization. Upon exiting the fiber,
the light is elliptically polarized at an arbitrary angle. Cir-
cular polarization was obtained using a linear polarizer and a
quarter-waveplate with the fast axis oriented 45 degrees off
the polarizer. To account for bias in the detection rates, count
rates are measured for both left- and right-handed light during
the measurement. Handedness was switched by rotating the
waveplate 90 degrees.

Prior to measurements with the Mott polarimeter, the de-
gree of circular polarization was measured. A second linear
polarizer was placed after the waveplate, and transmitted op-
tical power was monitored while rotating the second polarizer
through a full 360 degrees. The degree of circular polarization
was calculated using11

Pcp =
2(IminImax)

1/2

Imin + Imax
, (5)

where Imin and Imax are the minimum and maximum intensities
achieved during rotation. The optimal waveplate angles for
the λ/4 and 3λ/4 were found such that the degree of circular
polarization for each handedness was 99.8%.

III. SPIN POLARIZATION MEASUREMENTS

The spin polarization measurements were performed in a
Mott Scattering Polarimeter with a 20-keV retarding bias on
a tungsten target135,136. A 90 degree electrostatic bend rotates
the initially longitudinally oriented electron spin to the trans-
verse plane as defined by the beam direction. Additional elec-
trostatic correctors are used to guide the beam to the target and
Einzel lenses provide beam focusing. Scattered electrons are
registered in two symmetrically placed Channeltron detectors
placed on both sides of the target. A Sherman function value
of 0.18 was calibrated in an earlier work25.

After circularly polarized light was produced as detailed
above, it was aligned to the photocathode and the electron op-
tics for beam transport to the target were tuned to optimize
the count rates on the Channeltron detectors. The ESP value
was determined by measuring the count rate asymmetry, A,
between detectors136,137,

A =

√
L−R+−

√
L+R−√

L−R++
√

L+R−
, (6)

where L and R correspond to the integrated number of counts
registered on the left and right detectors, respectively, while
+ and − denote the two handedness states of the light. The
measured spin-polarization is the asymmetry scaled by the ef-
fective Sherman function. At each wavelength, 20 measure-
ments were taken and averaged. Background detection rates
were registered and subtracted at each step of the measure-
ment. The reported uncertainties are statistical and do not ac-
count systematic errors in the instrument.
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