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Light-induced desorption of Rb atoms from a ferrimagnetic Fe30,4(001) surface was studied using

a spin-selective optical method, which provides information on the spin polarization, velocity
distribution, and amount of the desorbed atoms. The results showed that the intensity of the
desorption of Rb from Fe304(001) induced by ultraviolet (UV) light irradiation was smaller than the
detection limit at coverages lower than the threshold coverage at which the desorption rate began to
increase. Moreover, the average magnetic quantum number of the desorbed atoms was smaller than
that of electrons at the Fermi level of the Fe304(001) surface. These indicate that the light-induced
desorption of Rb from an Fe304(001) surface occurs only in the high-coverage region in which the
desorbing atoms are not in contact with the Fe30, surface, and that the desorption does not involve
spin transfer.

Light-induced atom desorption (LIAD) from solid surfaces is attracting interest as a way to control the surface
reaction or the vapor pressure of gaseous atoms in vacuum chambers'~’, which contributes to fundamental
researches on catalytic activities® and cold atom experiments’. Light-induced desorbed atoms can be detected
by means of resonance enhanced multiphoton ionization spectroscopy’, laser-induced fluorescence’, light
absorption®®, Langmuir-Taylor detection!!, two-photon laser-induced fluorescence'?, and quadrupole mass
spectrometry"’. However, to our knowledge, the spin polarization of desorbed atoms has not been investigated.
Adding spin sensitivity to the conventional methods of detecting LIAD will elucidate the spin dynamics of the
adsorption and desorption processes. Alkali metal atoms often donate electrons to a surface on which they
adsorb''°. When they desorb from the surface, these atoms may receive electrons from the surface and become
neutralized, an example of which is K atoms on a Cr,03(0001) surface'. The spin of desorbed atoms depends
on the spin of the electrons transferred from the surface. When alkali metal atoms adsorbed on a surface that
have spin-polarized electronic states desorb as neutral atoms, the charge transfer between the surface and the
adsorbate is likely to be spin-polarized. In such a case, the spin of the desorbed atoms will be spin-polarized. If
the desorbed atoms are not spin-polarized, this would imply that either the desorbed atoms were not in contact
with the spin-polarized surface or that spin relaxation occurred during desorption. An example of the former
is the multilayer adsorption of alkali metal atoms, and an example of the latter is when desorption is driven by
a thermal process that may have a long surface dwell time, during which the surface magnetism and the spin of
the desorbing atoms may be disturbed'®"'%. In this study, we developed a method for detecting desorbed atoms
with spin sensitivity. As a platform for demonstrating our method, we chose Rb atoms adsorbed on an Fe3;O4
(001) surface.

Fe30y is a ferrimagnet that has been theoretically predicted to be a half-metal, in which the conduction
electron is 100% spin-polarized'>?. Alkali metal atom adsorption on an Fe304 surface has been investigated
theoretically by Yang et al.’®, who reported that alkali metal atoms (Li, Na, K, Rb and Cs) donate electrons when
they are adsorbed on an Fe3O4(111) surface. If the alkali metal atoms adsorbed on an Fe3Oy4 surface desorb as
neutral atoms as a result of light irradiation, they must receive spin-polarized electrons from the surface. In such
a case, they are likely to be spin-polarized, because surface electrons are spin-polarized. Our results show that the
coverage dependence of the LIAD intensity exhibited a threshold coverage at which the LIAD intensity started to
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increase. Furthermore, no significant spin polarization of desorbed atoms was detected under the current experi-
mental conditions. This implies that LIAD of Rb from Fe304(001) occurs only in the high-coverage region and
that the degree of spin transfer that desorbing atoms receive from the surface is smaller than the detection limit.

Experiment

A10 x 10 mm? MgO(001) substrate for an Fe3O, film was cleaned by annealing at 973 K for 20 min under an
oxygen atmosphere of 3 x 10~ Pa before deposition. A 20-nm-thick Fe;O4 thin film was grown on an MgO(001)
substrate by depositing Fe at a deposition rate of 0.44 nm/min for 23 min under an oxygen atmosphere of
3 x 10~* Pa, using electron beam evaporation in an ultra-high-vacuum chamber with a base pressure lower
than1 x 1078 Pa. The surface crystallinity was checked by reflection high-energy electron diffraction (RHEED).
The RHEED pattern after deposition showed good agreement with that of the Fe304(001) surface?' to ensure
that an epitaxial Fe3O4 (001) film was obtained. The sample was magnetized in air by applying a magnetic field
of 1.0 T along the (110) easy magnetization direction®? using an electromagnet. Although the surface became
contaminated and oxidized by air exposure, we consider that the chemical composition inside the Fe3O4 film
was not affected because the conversion-electron Mdssbauer spectra of Fe304 taken in air in Refs.?*** showed
good stoichiometry. The sample was then loaded into the ultra-high-vacuum measurement chamber.

Before the measurement, the sample was cleaned by annealing it at 503 K in an oxygen atmosphere of
~ 1.5 x 10™* Pa for 19 h. Vescovo et al.>’ reported that this method can recover the electronic structure and
the stoichiometry of Fe3O4 (001) surfaces even after air exposure and that the surface obtained by this method
exhibited an electronic structure closely resembling that obtained by cleaving the bulk single crystal and a clear
Verwey transition, which ensure the stoichiometry of the surface. We checked the chemical composition of the
surface using X-ray photoelectron spectroscopy (XPS). The result is shown in Fig. 1. The XPS spectrum taken
before the cleaning exhibited an impurity-derived C 1s peak. No other impurity-derived peaks were found. After
the cleaning, the C 1s peak became smaller than the uncertainty, which was 0.089% of the intensity of the Fe
2p-derived peak. From this, we estimated the density of the C atoms of the surface after cleaning. The probing
depth d of XPS in nanometers is approximated as*

641
d =~ +0.09 x VE, (1)

where E is the electron energy above the Fermi level in eV. For the Fe 2p-derived peak, we obtained d = 2.7 nm.
From the lattice constant of Fe304% the areal density of Fe atoms within the probing depth was estimated to be
1.06 x 10'® cm™2. By using the atomic sensitivity factors of 0.296 and 2.957 for C 1s and Fe 2p, respectively®,
the areal density of C atoms was estimated to be smaller than 9.4 x 10'* cm™3, which corresponds to 0.17 ML,
where 1 ML is defined as the density of Fe atoms in the topmost layer®. This estimation ensured that a clean
Fe304(001) surface was obtained by the present cleaning procedure.

Figure 2a shows a schematic diagram of the experimental apparatus, which consisted of a measurement cham-
ber with a base pressure of ~ 2 x 1077 Pa and an optical system for the probe light. The measurement chamber
was made of permalloy to shield against the geomagnetic field. The stray field of the sample was so small that
the influence of Larmor precession could be neglected in the spin measurement. The measurement chamber
was equipped with a multi-channel effusive atomic beam source directed at the sample, viewports for the probe
light and UV light, an Al K« X-ray source (not shown in Fig. 2a), and a hemispherical electron analyzer. The full
width at half maximum of the cross-section of the Rb beam generated by the effusive atomic beam source was
8.2 mm at the position of the sample. Details of the effusive atomic beam source were described in Ref.!®. The
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Figure 1. XPS spectra of the Fe304(100) surface around the C 1s-derived peak taken before and after the
cleaning.
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Figure 2. (a) Schematic illustration of the experimental setup and (b) energy diagram of the 8°Rb D; transition
lines from the F = 3 ground state. QWP denotes the quarter-wave plate.

flux intensity was estimated to be 10'2-10'3 atoms per second based on the designed value and the fluorescence
induced by the probe light.

The probe light and pulsed UV light were introduced into the chamber through the viewports. The UV light
was generated by the third harmonic of an Nd:YAG laser. The wavelength, pulse width, repetition rate, 1/¢?
half width, and fluence of the third harmonic of the Nd:YAG laser were 355 nm, 5-10 ns, 10 Hz, 7.0 mm, and
81.2 mJ/cm?, respectively. Figure 2b shows an energy diagram of the 8Rb D, transition lines. The probe light
was generated by an external-cavity diode laser whose frequency was tuned to the F = 3 — F’ = 4 transition
frequency of the 8°Rb D transition line by a frequency servo unit that utilized polarization spectroscopy, as
shown by the solid arrow in Fig. 2b. The line width of the probe light was estimated to be smaller than 1 MHz.
Here, Fand F are the total angular momentum of atoms in the 52S; /> and 52P3; states, respectively. This probe
light frequency enabled detection of 3°Rb atoms whose velocity in the probe light direction was 0.0 + 2.4 m/s,
as determined by the natural linewidth of the Rb D, transition line (6.06 MHz)*!. A quarter-wave plate (QWP)
mounted on a piezo-driven rotation mount made the probe light circularly polarized and allowed for variation
in the helicity thereof. The intensity of the probe light was 8 wW, which was sufficiently weak to prevent optical
pumping. The probe light was oriented parallel to the (110) direction of the sample, i.e. the direction in which
the magnetizing field was applied. The distance between the sample surface and the probe light was 1.0 mm. The
light was condensed in the direction perpendicular to the surface by a cylindrical lens; its 1 /e2 half widths in the
surface-normal and surface-parallel directions were 0.40 and 1.0 mm, respectively, at the position of the sample.
The intensity of the probe light passing through the chamber was measured using a high-speed photodetector,
and the signal from the photodetector was processed using an oscilloscope. Desorbed atoms absorbed the probe
light, as indicated by a dip in the time spectrum of the transmitted probe light intensity. Because the length of a
desorbed atom cloud in the probe light direction is considered to be similar to the sample length, which was 10
mm, the detection limit of the density of atoms that resonate with the probe light is typically ~ 108 cm~3 under
the conditions presented. If we assume that the mean velocity of a desorbed atom is 10* cm/s and that the width
of the time-of-flight distribution is 107> s, we can approximately estimate the minimum detectable number of
atoms that desorb by a single UV laser shot and resonate with the probe light to be 107. The probe light was also
absorbed by the Rb atoms in the incident beam and the Rb atoms that were scattered on the surface. However,
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because the density of these atoms was much lower than that of the atoms desorbed by the pulsed UV light, the
absorption of the probe light by these atoms could be neglected in the present condition. To estimate the spin
polarization of the desorbed atoms, the helicity of the probe laser was switched every 20 shots. Rb beam irradia-
tion and UV light irradiation were initiated simultaneously, and the sample was irradiated continuously with
the Rb beam during the measurements.

Results and discussion
Figure 3a shows the time spectrum of the photodetector output Vi averaged over 2000 shots taken at
9.72 x 103 s after the start of Rb beam irradiation. The noise around the time origin is due to the UV light. A
dip was observed a few s after UV light irradiation, which is considered to have been due to absorption of the
probe light by desorbed Rb atoms. Figure 3b shows the absorbance as a function of time, which is defined by
A(t) = In(Vo/Vour(t)). Here, Vy is the baseline of the photodetector output voltage obtained by averaging the
signal in the region —87.5 us < t < —2.5 ps.

To estimate the dependence of LIAD intensity on the UV and Rb beam exposure time, we introduced a
quantity Iqes, which was considered to be proportional to the number of desorbed atoms resonant with the
probe light, as follows:

t
Tdes :/ A(t)yv,(t)dt

5]

t l
= / A(t) - -dt,
t t

where v, is the velocity component along the surface-normal direction and [ is the distance between the sample
and the probe light, which was 1.0 x 103 m. The integral interval is given by, t; = 1.3 s and t, = 42 s, which
covers the whole peak and excludes the UV-laser-derived noise around the time origin. It should be noted that
A(t) measures the density of resonant atoms rather than the flux, which means that the flux is proportional to
A(t)v; ()" Figure 4a shows the time evolution of I . The time origin is the start time of the Rb beam and UV
light irradiation. It is considered that the coverage of Rb increases with time. However, since the adsorption
probability and the efficiency of LIAD depend on the coverage, the coverage may not be proportional to time.
Therefore, here we plot the result as a function of time. For each data point, I4.s was calculated from the spectra
averaged over 2000 shots of UV laser pulses. Before 3.24 x 103 s, the time spectra of the photodetector output
signal showed no significant dip and, therefore, I4s was below the detection limit. From 3.24 x 10° s to the end
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Figure 3. Time dependence of (a) the photodetector output signal and (b) the absorbance taken at 9.72 x 10%

after initiating the Rb beam irradiation. The noise at the time origin is due to the irradiation of the pulsed UV
laser.
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Figure 4. (a) Time evolution of I4. and (b) mean velocity v;, (c) the simulated time spectrum of absorbance at
535 K compared with the experimental data taken1.12 x 10% s after initiating the Rb beam irradiation and (d)
the simulated mean velocity of the desorbed atoms in the surface-normal direction as a function of temperature.

of the measurement, I increased without saturation. This implies the existence of a threshold coverage of Rb
at which the LIAD intensity begins to increase, meaning that the desorption cross-section is smaller below the
threshold coverage.

The mean velocity v; of the desorbed atoms in the perpendicular direction was estimated from the time
spectra using the following equation:
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Figure 4b shows the time evolution of ;. The absorbance was not large enough to obtain reliable results in the
region between 0 and 3.60 x 10%s. At3.60 x 10%s, 7; was 256 & 21 m/s. The mean velocity continued to increase
over time, before plateauing at ~ 315 & 2 m/s at ~ 1.08 x 10%s. To investigate whether the desorption mecha-
nism is thermal or nonthermal, we simulated the time spectrum by a Monte-Carlo method. The simulation was
performed by calculating the contributions of 4 x 108 desorbed atoms with various positions and velocities to
the time spectra of absorbance. We assumed the velocity distribution of desorbed atoms to be described by the
Maxwell-Boltzmann distribution and that the angular distribution obeys Knudsen’s cosine law. Based on these
assumptions, the distribution of atoms with velocity v can be written as:

2
f(v) oxexp (— ;nll;l'T) X vy
m(v,zc + V)% + vg) ()
=exp _T X Vg

where m is the mass of an 8°Rb atom, kg is the Boltzmann constant, and v, and vy are the velocity components
along the x and y axes, respectively, which are shown in Fig. 2a. That the absorbance of the probe light measures
the density of Rb atoms rather than the flux was taken into consideration. We also took into account the spatial
intensity distribution of the probe light and the velocity selectivity of the transition by the probe light due to the
Doppler shift. The simulated time spectra of absorbance were in good agreement with the experimental data, an
example of which is shown in Fig. 4c. The simulated v; is plotted against the temperature of the desorbed atoms
in Fig. 4d. The simulation results imply that the range of the experimentally measured v, values (253-316 m/s)
corresponded to temperatures between 325 and 535 K, which were 21-231 K higher than the room temperature
of 304 K. These values were consistent with the temperature of Xe atoms thermally desorbed from a bulk Au
surface cooled to 23 K by an irradiating pulsed laser at a fluence of 50 mJ/cm? in Ref.'*, which was ~ 300 K at
maximum. The time evolution of ¥, can be explained by assuming that the desorption is driven by a thermal
process. The temperature of the surface increased with pulsed UV light irradiation. At low coverage, the des-
orbable adsorbed Rb atoms were depleted before the surface temperature peaked. However, at high coverage,
a significant number of desorbable Rb atoms remained on the surface. As the desorption rate was high at high
temperatures, the total velocity distribution of the desorbed atoms was dominated by the atoms that desorbed
at high surface temperature. This explains the increase of v, with increasing coverage. When the coverage was
so high that a significant number of desorbable atoms remained on the surface when the surface temperature
reached the peak, the atoms that desorbed around the peak temperature dominated the velocity distribution, and
further increasing the coverage did not increase v;. This explains the saturating behavior of v, at high coverages.

We measured the spin polarization of the desorbed atoms by obtaining time spectra of absorbance while
changing the circular polarization of the probe light. Figure 5a shows a schematic diagram of the measurement
procedure. Figure 5b shows the ratio Ijeg s~ /Igeso+ Where Ige o — and Ige o+ are the integrated absorbance values
measured with o~ and o T polarized probe light, respectively. Each data point is the average of Iges - /Ides o+
ratios calculated from 50 sets of time spectra obtained using a right(o ™) or left (o) circularly polarized probe
light. Here the quantization axis is defined as antiparallel to the probe light direction.

The ratio Ijes s /Iges o+ provides information on mp—s, where mp—s is the magnetic quantum number of
the desorbed atoms in the F = 3 state. Here, we consider the transition intensities of the F =3 — F =4,
F=3— F =3,andF = 3 - F' = 2 transitions of the D, line induced by the probe light. Although the probe
light frequency was tuned to the 3°Rb D, F = 3 — F’ = 4 transition line, the other two allowed transitions,
which are shown by the broken arrows in Fig. 2b, were not negligible due to the Doppler shift caused by the
translational movement of the desorbed atoms. At resonance, the transition probability depends on the magnetic
quantum number of the ground state. For F = 3 — F’ = 4 transition, the transition strength A;_, 4+ for the

o+ transition at resonance can be written as®

As_got o aza{mp_s) & bsg(mp=3) + c34. (5)
ForF=3— F =3,andF=3— F =2,

Az 30t o ass(mp_y) £ b33 (mp=3) + ¢33, (6)
and

As gt o asp{mp_y) £ by (mp_3) + ca. (7)

The values of ajy, bif, and ;s are shown in Table 1.
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Figure 5. (a) Time sequence of the measurement of spin polarization, time evolution of (b) the ratio
Iges,o— /Ides o+ and (c) the averaged magnetic quantum number.

if aif bi cif
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Table 1. Values of aif, bl-f, and Cif-

Scientific Reports |

(2023) 13:14965 |

https://doi.org/10.1038/s41598-023-41937-1

nature portfolio



www.nature.com/scientificreports/

The frequencies of the F =3 — F' = 3and F = 3 — F’ = 2 transitions were 120.6 and 184.0 MHz lower,
respectively, than that of the F = 3 — F’ = 4 transition®. Iy, o= can be written as

Icles,‘:ri o8 d(V34> T)A3—>4,oi + d(V33, T)A3—>3,tfi

+d(vsz, T)As_, 5 5%, ®

where v is the velocity along the probe light direction of atoms undergoing F = i — F’ = f transition. Here,
V34, v33, and v3; are 0, 94.21, and 143.7 m/s, respectively, which were calculated from the frequency differences
from the F = 3 — F’ = 4 transition line. d(vx, T) is the population of desorbed atoms whose velocity in the
probe-light direction is v, divided by v; to take into account that the probe light measures the density rather
than the flux, which can be written as:

f)
" dvydv,

d(vy, T) oc/

mv + mv + mv
//exp 2kBT dvydv, (9)

mv?
o< exp kT )

Here, we assumed that the velocity distribution of desorbed atoms obeys the Maxwell-Boltzmann distribution
and Knudsen's cosine law. From Eq. (8), conditions —3 < (mp—3) < 3,0 < (m}_;) < 9,and(mp—3)* < (m}_;),
the temperature of desorbed atoms, and the ratio Iqes 5~ /Iges,s+ the range of values that (mp—3) may take can be
calculated. The range of values that (mp=3) may take is indicated by the error bars in Fig. 5c. The desorbed atom
temperature T was obtained by comparing the values of v, obtained by the experiment and the simulation. The
results show that the (mp—3) was between —0.05 and 0.05, a value that is at least one order of magnitude smaller
than the spin quantum number of electrons (1/2). Because the electron spin polarization of the Fe304(001)
surface at the Fermi level is —40-—80%,% the present result shows that the spin polarization of the desorbed Rb
atoms is significantly smaller than that of the electrons at the Fermi level of Fe304(001) surfaces. As LIAD was
observed only in the multilayer regime, it is possible that the detected desorbed atoms were not in contact with
the Fe304 surface, which would explain the small deviation in (mp=3) from 0. In such a case, the spin transfer to
the desorbed atom is considered to be smaller than the electron spin polarization of the Fe3Oy4 surface.

To investigate the change in surface composition induced by UV and Rb beam irradiation, we conducted
XPS measurements before and after the LIAD measurement, which included 1.26 x 10*s of UV and Rb irradia-
tion. The areas of the peaks were analyzed by subtracting the background using the Shirley method and fitting
the peaks with a Gaussian function. As shown in Fig. 6a, peaks appeared at 113.1, 240.5, and 249.2 eV after the
measurement, which were assigned to Rb 3d, Rb 2p3 5, and Rb 2 py; states, respectively. The O 1s-derived peak
shown in Fig. 6b decreased by 30%, while the sum of Fe 2p;/, and Fe 2p3/,-derived peaks shown in Fig. 6¢
decreased by 78% after measurement. The emergence of Rb-derived peaks indicate that Rb atoms were deposited
on the surface. Ablation of the Fe3O4 film by UV irradiation is considered not to have occurred because peaks
derived from the Mg atoms in the substrate, which would have been seen in the XPS spectra if ablation had
occurred, were not observed. This indicates that the decrease in the O- and Fe-derived peaks was due to the
deposition of the Rb atoms rather than to ablation. The difference in the decrease in the O and Fe-derived peaks
may indicate that some of the oxygen diffused from the substrate to the deposited Rb layer to form an Rb oxide
layer. After the irradiation, the O 2p peak shifted to the larger binding energy side by 0.6 eV, and the Fe 2p3/,
peak shifted to the lower binding energy side by 1.2 eV. These results indicate that the chemical bonding state of
oxygen was modified and Fe atoms were reduced by Rb irradiation®®. This supports the idea that the adsorbed
Rb atoms strip oxygen atoms from Fe3O4 and become oxidized. We estimated the thickness of Rb oxide layer by
assuming that Rb atoms existed on the surface as Rb, O, which is the typical form of Rb oxide. After the measure-

ment, the ratio 111;%;1 was 0.49, where Irp34 and Irezp are the intensities of the Rb 3d and Fe2p-derived peaks,
respectively. We assumed that the intensity ratio can be written as

4 z
P e )
Tedp  frepy [ exp (‘ e ) Nredz

where t is the thickness of the Rb, O layer, frp3q and frezp are the atomic sensitivity factors for Rb 3d and Fe
2p-derived peaks, respectively, dpp3g and drep are the probing depth of XPS calculated for the Rb 3d and Fe
2p-derived peaks using Eq. (1), respectively, ngp, is the density of Rb atoms in a Rb, O crystal, and ng. is the density
of Fe atoms in an Fe3Oy4 crystal. Here, drpzq = 3.6 nm, drezp = 2.7 nm, frpzd = 1.542, frezp=2.952 (Ref.?®)
nrp = 2.58 x 10%2cm™3 (Ref. ) and nge = 3.99 x 10%2cm™3 (Ref.?”). From Eq. (10) and I;;‘;Zj = 0.49, we obtained

t = 2.3 nm. This estimation supports the idea that LIAD occurred only in the high-coverage regime.

(10)
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Figure 6. X-ray photoelectron spectra taken before and after the UV and Rb beam irradiation: (a) the region
including Rb 3d and Rb 2p peaks, (b) the Ols peak, and (c) the Fe 2p peak.

Conclusions

LIAD of Rb atoms from an Fe304(001) surface was investigated using a spin-selective optical method. The cover-
age dependence of the desorption intensity exhibited a threshold at which the LIAD intensity began to increase.
The spin polarization of the desorbed atoms was smaller than the detection limit. These indicate that LIAD of
Rb from Fe304(001) occurs only in the high-coverage region and does not involve spin transfer.

Data availibility

The datasets used or analysed during the current study are available from the corresponding author on reason-
able request.

Received: 18 May 2023; Accepted: 4 September 2023
Published online: 22 September 2023

References

. Gozzini, A. et al. Light-induced ejection of alkali atoms in polysiloxane coated cells. Il Nuovo Cimento D 15, 709-722 (1993).

. Mariotti, E. et al. Dynamics of rubidium light-induced atom desorption (LIAD). Chem. Phys. 187, 111-115 (1994).

. Alexandrov, E. B. et al. Light-induced desorption of alkali-metal atoms from paraffin coating. Phys. Rev. A 66, 12 (2002).

. Kitagami, K., Hosumi, K., Goto, K. & Hatakeyama, A. Quantitative measurements of light-induced desorption of rubidium atoms
from quartz substrates. Phys. Rev. A 85, 3-6 (2012).

5. Torralbo-Campo, L., Bruce, G. D., Smirne, G. & Cassettari, D. Light-induced atomic desorption in a compact system for ultracold

atoms. Sci. Rep. 5,1-10 (2015).
6. Yasuda, M. et al. Laser-controlled cold ytterbium atom source for transportable optical clocks. J. Phys. Soc. Jpn. 86, 125001 (2017).

W N

Scientific Reports|  (2023) 13:14965 | https://doi.org/10.1038/s41598-023-41937-1 nature portfolio



www.nature.com/scientificreports/

7. Chi, H., Quan, W,, Zhang, J., Zhao, L. & Fang, J. Advances in anti-relaxation coatings of alkali-metal vapor cells. Appl. Surf. Sci.
501, 143897 (2020).
8. Niki, K., Kawauchi, T., Matsumoto, M., Fukutani, K. & Okano, T. Mechanism of the ortho-para conversion of hydrogen on Ag
surfaces. Phys. Rev. B 77, 201404 (2008).
9. Telles, G., Ishikawa, T., Gibbs, M. & Raman, C. Light-induced atomic desorption for loading a sodium magneto-optical trap. Phys.
Rev. A 81, 032710 (2010).
10. Wilde, M., Beauport, L, Stuhl, E, Al-Shamery, K. & Freund, H.-J. Adsorption of potassium on Cr,03(0001) at ionic and metallic
coverages and uv-laser-induced desorption. Phys. Rev. B 59, 13401-13412 (1999).
11. Kumagai, R. & Hatakeyama, A. Light-induced atom desorption from glass surfaces characterized by X-ray photoelectron spec-
troscopy. Appl. Phys. B 122, 186 (2016).
12. Balzer, E, Gerlach, R., Manson, J. & Rubahn, H.-G. Photodesorption of Na atoms from rough Na surfaces. J. Chem. Phys. 106,
7995-8012 (1997).
13. Ikeda, A., Matsumoto, M., Ogura, S., Fukutani, K. & Okano, T. Photostimulated desorption of Xe from Au (001) surfaces via
transient Xe formation. Phys. Rev. B 84, 155412 (2011).
14. Ishida, H. Theory of the alkali-metal chemisorption on metal surfaces. Phys. Rev. B 38, 8006 (1988).
15. Yang, T., Wen, X.-D,, Li, Y.-W., Wang, J. & Jiao, H. Interaction of alkali metals with the Fe304(111) surface. Surf. Sci. 603, 78-83
(2009).
16. Fick, D. Surface physics with nuclear probes. Appl. Phys. A 49, 343-350 (1989).
17. Wassmuth, K. & Fick, D. Local density of states at Fermi energy for Li atoms adsorbed on metal surfaces. Phys. Rev. Lett. 59, 3007
(1987).
18. Asakawa, K. et al. Measurement of the temperature dependence of dwell time and spin relaxation probability of Rb atoms on
paraffin surfaces using a beam-scattering method. Phys. Rev. A 104, 063106 (2021).
19. Zhang, Z. & Satpathy, S. Electron states, magnetism, and the Verwey transition in magnetite. Phys. Rev. B 44, 13319 (1991).
20. Kurahashi, M., Sun, X. & Yamauchi, Y. Recovery of the half-metallicity of an Fe304 (100) surface by atomic hydrogen adsorption.
Phys. Rev. B 81, 193402 (2010).
21. Liu, X,, Chang, C.-F, Rata, A. D., Komarek, A. C. & Tjeng, L. H. Fe304 thin films: Controlling and manipulating an elusive quantum
material. NPJ Quantum Mater. 1, 16027 (2016).
22. Chichvarina, O., Herng, T., Xiao, W., Hong, X. & Ding, J. Magnetic anisotropy modulation of epitaxial Fe304 films on MgO
substrates. J. Appl. Phys. 117, 17D722 (2015).
23. Kawauchi, T., Miura, Y., Asakawa, K. & Fukutani, K. Magnetic structure and phase transition at the surface region of Fe;0,(100).
J. Phys. Commun. 4, 115001 (2020).
24. Asakawa, K., Kawauchi, T., Zhang, X. W. & Fukutani, K. Non-collinear magnetic structure on the Fe;O,(111) surface. J. Phys. Soc.
Jpn. 86, 074601 (2017).
25. Vescovo, E., Kim, H.-J., Ablett, J. & Chambers, S. A. Spin-polarized conduction in localized ferromagnetic materials: The case of
Fe304 on MgO (100). J. Appl. Phys. 98, 084507 (2005).
26. Seah, M. P. & Dench, W. Quantitative electron spectroscopy of surfaces: A standard data base for electron inelastic mean free paths
in solids. Surf. Interface Anal. 1,2-11 (1979).
27. Data retrieved from the materials project for Fe304 (mp-19306) from database version v2022.10.28.
28. Chastain, J. & King, R. C. Jr. Handbook of x-ray photoelectron spectroscopy. Perkin-Elmer Corp. 40, 221 (1992).
29. Wieman, C. & Hinsch, T. W. Doppler-free laser polarization spectroscopy. Phys. Rev. Lett. 36, 1170 (1976).
30. Harris, M. L. et al. Polarization spectroscopy in rubidium and cesium. Phys. Rev. A 73, 062509 (2006).
31. Volz, U. & Schmoranzer, H. Precision lifetime measurements on alkali atoms and on helium by beam-gas-laser spectroscopy. Phys.
Scr. 1996, 48 (1996).
32. Metcalf, H. & Van der Straten, P. Laser Cooling and Trapping. In Graduate texts in contemporary physics (eds Metcalf, H. & Van
der Straten, P.) (Springer, 1999).
33. Banerjee, A., Das, D. & Natarajan, V. Absolute frequency measurements of the D lines in K, 3°Rb, and #Rb with 0.1 ppb uncer-
tainty. Europhys. Lett. 65, 172 (2004).
34. Parkinson, G. S. et al. Semiconductor-half metal transition at the Fe3O4 (001) surface upon hydrogen adsorption. Phys. Rev. B 82,
125413 (2010).
35. Data retrieved from the materials project for Rb, O (mp-1394) from database version v2022.10.28.
Acknowledgements

This work was supported by a Grant-in-Aid for Scientific Research (Grant No. JP21K13864) from the Japan
Society for the Promotion of Science (JSPS), The Mazda Foundation, and the Matsuo Science Promotion Foun-
dation, Japan.

Author contributions

N.T. and K.A. performed the time-of-flight measurement. T.K., N.T. and K.A. performed the deposition. K.A
and A.H. conceived and designed the experiments. K.A. analyzed the data, wrote the main manuscript text with
help from A.H. and K.E

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to K.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2023) 13:14965 | https://doi.org/10.1038/s41598-023-41937-1 nature portfolio


www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023) 13:14965 | https://doi.org/10.1038/s41598-023-41937-1 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Optical and spin-selective time-of-flight measurement of light-induced desorption of Rb from FeO surfaces
	Experiment
	Results and discussion
	Conclusions
	References
	Acknowledgements


