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This study measured the absolute ion desorption yield from the surface of solid Ne and Ar by low-energy

Ne?" (g=1-4), Arf" (¢ = 1-6), and Ke?" (g = 2—-6) ion impacts. Results revealed the dependence of ion desorp-

tion yield on the potential and the kinetic energies of the incident ions, as well as its linear proportionality with

the former. Present results could not be explained by existing models for ion desorption from insulator surfaces.

We proposed a new mechanism of ion desorption that considers the contribution of both energy types to ion de-

sorption.
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1. Introduction

The potential sputtering phenomenon [1,2] widely ob-
served on the surfaces of insulators, such as alkali-halides [3]
and oxides [4], is a desorption mechanism induced by the
transfer of potential (internal) energy from incident mul-
tiply charged ions to the solid surface. Several models of
potential sputtering processes, including the Coulomb ex-
plosion [5-8] and defect-mediated sputtering [3], have
been proposed based on the experimental results of the de-
sorption (sputtering) yields. Another model, the kinetically
assisted potential sputtering [9], has been employed to ex-
plain MgO, sputtering yields due to the impact of slow
multiply charged Xe ions. In this model, lattice and elec-
tronic defects are produced, respectively, by the kinetic
and potential energies of the incident ion contributing to
the desorption process.

Dynamic processes of desorption induced by electronic
transitions can ideally be studied using rare gas solid (RGS)
[10], as it has the simple electronic structure similar to iso-
lated atoms, along with very unique characteristics, such as
small cohesive energy (e.g., 0.02 eV/atom for Ne), large
band gap energy (e.g., 21.6 eV for Ne), and long diffusion
length of excitons (e.g., ~ 200 nm for Ne), which set it
apart from the other materials [11].

© K. Ban, M. Akiwa, H. Ueta, T. Tachibana, and T. Hirayama, 2019

In our previous study, we discussed the relative ion
yields of potential sputtering from solid Ne by Ar?"
(g =1-7) impact [12], and demonstrated the proportiona-
lity of the sputtering ion yields to the potential energy of
the incident ion. Herein, we describe the experimental re-
sults of absolute sputtering yields from RGSs by multiply
charged ion impacts, and propose a new ion desorption
mechanism.

2. Experimental

Details of the experimental apparatus have been de-
scribed elsewhere [12—14]. Briefly, multiply charged ions
were generated by an electron cyclotron resonance (ECR)
type ion source (NANOGAN, Pantechnik). Extracted ions
were mass-selected by an analyzing magnet and were fo-
cused onto the sample surface at the center of the main
chamber. Incident ion current was reduced to about a few nA
in order to prevent the charge-up effect. The main chamber
was evacuated by a series of turbo-molecular pumps and
a Ti-getter pump, resulting in a pressure of ~ 2- 1078 pa.

RGSs were condensed onto a polycrystalline Cu sub-
strate cooled to 4.5 K by a mechanical cryostat. The sample
film was condensed onto the Cu disk by filling the cham-
ber with gaseous Ne to a pressure of 10 10 * Pa. The film
thickness was estimated from the exposure by assuming
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the condensation coefficient to be unity, and was 1000 ato-
mic monolayers throughout this work. The sample film was
evaporated and re-deposited after each run of the meas-
urement. Annealing of the sample to 7 K for solid Ne and
25 K for solid Ar did not change the experimental results
within our experimental uncertainty.

Absolute ion desorption yield %, was estimated from
the number of desorbed ions per second Nées and the num-
ber of incident ions per second N;, using the following

equation:

— N (lies _ a7
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where [;,, and g are the current and charge state of the
incident ion, respectively. Nées was estimated by a proce-
dure as follows: (i) /;, was measured at the Cu substrate
and a movable Faraday cup just in front of the substrate
(Fig. 1(a)); (ii) the sample solid (RGS) was condensed on
the Cu substrate and; (iii) the current flowing into the sub-
strate /, was measured (Fig. 1(b)). If RGS was not con-
densed on the substrate, then /; would be the same as /;;;
otherwise, if RGS was formed on the substrate, then 7
would decrease by the amount of /., (desorbed ion cur-
rent). Most of the desorbed ions were known to be singly
charged ions [14]. Using the variables just discussed, the
absolute desorption yield Y, could be rewritten as
L, -1
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The current I, was stable for about 30-60 s after the ion
irradiation and then decreased probably due to the charge-
up effect, therefore the current measured within about 10 s
after the ion incidence was used for the determination
Of Yion N

The uncertainty of Y, was estimated at approximately
+30%, the largest source of which was the instability of
the ion beam; ammeter accuracy had no influence as both
I;, and I, were measured with the same ammeter (Keith-

ley, 6485).
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Fig. 1. (Color online) Measurement of the incident ion current
(Z;,) and the desorbed ion current (/4.5). See text for details.
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The absolute total desorption yield Y, was estimated
from the number of desorbed atoms per second Nj. as
expressed by [15]

where S, AP, k, and T indicate the pumping speed of the
pumping system for each gas, partial pressure change in
the main chamber during the irradiation of the ion beam,
Boltzmann constant, and ambient temperature, respectively.
The total pumping speed of the turbo-molecular 3pump and
cold surfaces was measured at (0.14 + 0.01) m™/s for Ne,
and (0.21 £ 0.02) m’/s for Ar, as determined by the pressure
measured by a Bayard-Alpert type ionization gauge install-
ed in the main chamber, and from the flow rate calibrated
volumetrically using a reference volume and a Baratron
pressure gauge as a reference. Partial pressure rise during
irradiation, typically within 1078 to 107° Pa, was detected
by a quadrupole mass spectrometer which was calibrated
against the ionization gauge for each run of the experi-
ment. Ne partial pressure in the main chamber during the
bombardment of 1 keV Ne™ as a function of time is shown
in Fig. 2. The target was solid Ne and the incident Ne*
current was 2.7 nA. When the ions were incident on
the sample at ¢ =0, the pressure increased from 3.107 pa
to ~107% Pa and was constant during about 600 s, then
gradually decreased to the order of 1078 Pa, indicating that
most of the sample atoms were desorbed. The partial pres-
sure change AP was estimated as a difference between the
pressure before and after the ion bombardment as shown in
Fig. 2.
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Fig. 2. (Color online) Ne partial pressure during the bombard-
ment of 1 keV Ne' to a solid Ne surface as a function of time.
The thickness of the solid Ne was 1000 atomic layers.
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Fig. 3. (Color online) Absolute ion desorption yield Y,, from
solid Ne by Ar?"(g=1-6) impact as a function of the kinetic

energy of the incident ions.

The uncertainty of Y;.;,; was estimated at approximate-
ly £40%, the largest source of which was the absolute
pressure measured by the ionization gauge. It should be
noted that the uncertainty of the relative sensitivity of the
ionization gauge was canceled in determining desorption
rate by the present method.

The sample substrate was biased to +15 V for suppres-
sion of secondary electrons.

3. Experimental results

Figures 3 and 4 show the plot of Y, from solid Ne by
Ar?" (g =1-6) impact as a function of the kinetic and po-
tential energies of the incident ions, respectively, which
clearly indicated Y, dependence on both energies. Specifi-
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Fig. 4. (Color online) Absolute ion desorption yield Yy, from
solid Ne by Ar?* (g =1-6) impact as a function of the potential
energy of the incident ions.
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Fig. 5. (Color online) Absolute ion desorption yield %, from
the surface of solid Ne and solid Ar by Ned™ (g=1-4), Ar?*
(¢ =1-6) and Kr?" (g =2-6) impact as a function of the po-
tential energy of the incident ions. Color depth indicates the
kinetic energy of the incident ions: 100-500 eV (open marks),
6001200 eV (thin marks), and 1500-2000 eV (solid marks).

cally for Fig. 4, Y, increased linearly with the potential
energy, which was consistent with our previous results [12].
Figure 5 illustrates the plots of Y, from solid Ne and
solid Ar by Nel*(g=1-4), Ar?"(¢q=1-6), and
Kr?" (¢ = 2—6) impacts; color depth represents the kinetic
energy of the incident ion: open marks indicate 100-500 eV,
thin marks 600—1200 eV, and solid marks 1500-2000 eV.
Absolute total desorption yield Y, from the surface of
solid Ne and solid Ar by Ne™, Ar* and Kr" impacts as a
function of the incident energy is shown in Fig. 6. Data for
the Ar*—Ne solid were taken from our previous paper [13].
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Fig. 6. (Color online) Absolute total desorption yield ¥y, from
the surface of solid Ne and solid Ar by Ne*, Ar™ and Kr" im-
pacts as a function of the incident energy. Data for Art—Ne solid
obtained from our previous paper [13].
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4. Discussion

Results in Figs. 3, 4, and 5 represented the linear in-
crease of Y,,, with the potential energy of the incident
ions, for both solid Ne and solid Ar targets; additionally,
the Y, of the former was a few times larger than of the
latter.

In RGSs it is known that the creation of excitons and
holes plays an important role in the desorption process.
The contribution of exciton induced processes to the pre-
sent results can be negligibly small if we consider the ab-
solute desorption yields by the creation of excitons and
holes [10,15,16]. It is also known that the exciton-induced
defects and holes created by VUV photons [17] and low-
energy electrons [18] can be accumulated in RGSs, which
can affect the ion desorption process. The contribution of
these effects to our results can also be ruled out because
our desorption signals were stable during the yield meas-
urements as stated above, and we used a new sample solid
for each measurement.

In the traditional Coulomb explosion model, ions creat-
ed along the ion track and/or on the solid surface were de-
sorbed from the surface by Coulomb repulsion. In this case,
Y,,, should be proportional to the number of ions created
in the solid, i.e., charge changing (ionization and charge
exchange) cross section 6. by ion impact. This model can
not explain larger Y, for Ne solid than for Ar solid if we
refer to 6, data by Cocke et al. and Justiniano et al. [19,20].
This model has already been ruled out for the potential
sputtering process of insulating surfaces, such as oxides
and alkali-halides [21], and now can be ruled out for mo-
lecular solids.

We used a model based on our previous study on the
desorption of Ne cluster ions Ne, from solid Ne by 1 keV
Ar" impact [14], which measured the kinetic energy dis-
tribution of desorbed cluster ions and the thickness de-
pendence of the cluster ion desorption yields. Based on the
experimental results of this model and another gas flow
model [22-24], a new model of ionic cluster growth char-
acterized by the following was proposed:

(1) A high-pressure, high-temperature spike region is
created in the solid by an incident ion,

(2) atoms and ions in the spike volume erupt from the
surface, and

(3) a desorbing ion can grow into a cluster ion by three-
body collisions with surrounding neutral atoms, during the
outflow of a large number of bulk atoms into the vacuum.

In this model, ions created in the solid desorb together
with a large number of surrounding neutral atoms, there-
fore Y;,,, should be proportional not only to .. but also to
the Ytotab ie., Yion oc cjchtotal'

As a side note, the charge state dependence of Y, was
not observed within the experimental uncertainty [13],
which makes the results of the singly charged ion impact in
Fig. 6 applicable for all charge states of the incident ion.
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To the best of our knowledge, the o, of the incident
ion with the target atoms in the solid was unavailable. As
earlier stated, our targets were van der Waals solids, in
which the collision process of the incident ion with the
target atom in the solid is similar to that with an isolated
atom in a gas phase; therefore, we employed the gas phase
data. Charge changing cross section G, was estimated by
a simple scaling law proposed by Kimura et al. [25], de-
rived for the charge transfer cross sections in slow colli-
sions of highly charged ions (¢ > 5) with atoms, based on
the extended classical over-barrier model by Nichaus [26].
The scaling law predicts the total charge transfer cross sec-
tion 67 in atomic units as

Scr =4nq/ Ejp,

where g is the charge state of the incident ion and Ep is
the ionization potential of the target atom. As the direct
ionization cross section was very small compared to the
charge transfer cross section in this energy range, we as-
sumed 6., ~ 6 7. Finally a proportionality

q
Yion oc P Ytotal
IP

could be expected.
Figure 7 shows Y, as a function of '=(q/E IZP)Ytotal'
Data points included Y, of the solid Ne (solid circles) and
Ar (open circles) targets, incident ions of Ne?" (¢ =1-4) (]),
Ar?" (g =1-6) (x), and Kr?* (¢ =2-6) (+), and incident
energies of 1000, 1500, and 2000 eV. Because Kimura ef al.
claimed that their scaling law is valid for ¢ > 5, the data
points of APt and Krot0t projectiles are plotted with
large marks, while those of g =1—4 projectiles with small
marks. The error bar shown in the figure corresponds to the
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Fig. 7. (Color online) Absolute ion desorption yields Y., as
a function of I'=(q / E12P)Ytotal' See text for details.
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experimental uncertainty of Y, (x axis) and ¥, , (y axis).
Although the scatter was large, our data of ¥, showed
a linear correlation with T".

It is found that the slope depends on the projectile, i.e.,
heavier projectile has a smaller slope. This could be at-
tributed to the larger volume of the spike region than that
of the ion creation region. This was plausible as the Y ,;,
which corresponds to the spike volume, was very large for
heavier projectiles, as shown in Fig. 6. Rough estimation
from the charge transfer cross section from Ref. 19 and an
assumption that the crater is a semi-spherical shape as
Fig. 1 in Ref. 23 supports this possibility.

5. Summary

Our absolute ion desorption yield measurements from
the surfaces of solid Ne and Ar by multiply charged ion
impacts indicated that (i) ion desorption yields were linear-
ly proportional to the potential energy, and (ii) dependent
on both potential and kinetic energies of the incident ions.
These findings were qualitatively validated by a new de-
sorption model, in which the ions were created in the solid
by the potential energy of the incident ions and desorbed
together with surrounding neutral atoms erupting from the
spike region in the solid. A linear correlation between the
ion desorption yield and a parameter based on this model
was found indicating the validity of our simple model.

Acknowledgments

The authors are grateful to Ms. Atsumi Sumita, Mr.
Yuta Nidaira, and Mr. Yuuki Kuwabara for their signifi-
cant contribution in the absolute desorption yield meas-
urements. This work was supported in part by MEXT —
Supported Program for the Strategic Research Foundation
at Private Universities, 2014-2018 (S1411024).

1. F. Aumayr, P. Varga, and H.P. Winter, nt. J. Mass
Spectrom. 192, 415 (1999).

2. F. Aumayr and H.P. Winter, Phil. Trans. Roy. Soc. Lond. A
362, 77 (2004).

3. T. Neidhart, F. Pichler, F. Aumayr, H.P. Winter, M. Schmid,
and P. Varga, Phys. Rev. Lett. 74, 5280 (1995).

4. M. Sporn, G. Libiseller, T. Neidhart, M. Schmid, F. Aumayr,
H.P. Winter, P. Varga, M. Grether, D. Niemann, and
N. Stolterfoht, Phys. Rev. Lett. 79, 945 (1997).

5. R. L. Fleischer, P. B. Price, and R. M. Walker, J. Appl. Phys.
36, 3645 (1965).

6. LS. Bitensky and E.S. Parilis, J. Phys. (Paris) C 2,227 (1989).

7. N. Kakutani, T. Azuma, Y. Yamazaki, K. Komaki, and
K. Kuroki, Nucl. Instrum. Meth. Phys. Res. B 96, 541 (1995).

8. H.P. Cheng and J.D. Gillaspy, Phys. Rev. B 55,2628 (1997).

9. G. Hayderer, S. Cernusca, M. Schmid, P. Varga, H.P. Winter,
F. Aumayr, D. Niemann, V. Hoffmann, N. Stolterfoht,
C. Lemell, L. Wirtz, and J. Burgdorfer, Phys. Rev. Lett. 86,
3530 (2001).

854

10. T. Hirayama and I. Arakawa, J. Phys. Cond. Matt. 18, S1563
(2006), and references therein.

11. N. Schwentner, E.E. Koch, and J. Jortner, Electronic Exci-
tations in Condensed Rare Gases, Springer Tracts in Modern
Physics, vol. 107, Berlin: Springer-Verlag (1985).

12. K. Fukai, S. Fujita, T. Tachibana, T. Koizumi, and T. Hirayama,
J. Phys.: Condens. Matter 22, 084007 (2010).

13. S. Fujita, K. Fukai, T. Tachibana, T. Koizumi, and T. Hirayama,
J. Phys. Conf. Ser. 163, 012083 (2009).

14. T. Tachibana, K. Fukai, T. Koizumi, and T. Hirayama, J. Phys.:
Condens. Matter 22, 475002 (2010).

15. 1. Arakawa, T. Adachi, T. Hirayama, and M. Sakurai, Surf.
Sci. 451, 136 (2000).

16. 1. Arakawa, T. Adachi, T. Hirayama, and M. Sakurai, Fiz.
Nizk. Temp. 29, 342 (2003) [Low Temp. Phys. 29,259 (2003)].

17. E. V. Savchenko, A. N. Ogurtsov, and Z. Zimmerer, Fiz.
Nizk. Temp. 29, 356 (2003) [Low Temp. Phys. 29,270 (2003)].

18. M. Frankowski, E.V. Savchenko, A.M. Smith-Gicklhorn,
O.N. Grigorashchenko, G.B. Gumenchuk, and V.E. Bondybey,
J. Chem. Phys. 121, 1474 (2004).

19. C. Cocke, R. DuBois, T. Gray, E. Justiniano, and C. Can,
Phys. Rev. Lett. 46, 1671 (1981).

20. E. Justiniano, C. Cocke, T. Gray, R. Dubois, and C. Can,
Phys. Rev. A 24,2953 (1981).

21. F. Aumayr, J. Burgdérfer, G. Hayderer, P. Varga, and H.P.
Winter, Phys. Scr. T 80, 240 (1999).

22. H. Urbassek and J. Michl, Nucl. Instrum. Methods Phys. Res.
B 22,480 (1987).

23. H. Urbassek and K. Waldeer, Phys. Rev. Lett. 67, 105 (1991).

24. K. Waldeer and H. Urbassek, Nucl. Instrum. Meth. Phys.
Res. B 73, 14 (1993).

25. M. Kimura, N. Nakamura, H. Watanabe, I. Yamada, A. Danjo,
K. Hosaka, A. Matsumoto, S. Ohtani, H. A. Sakaue, M. Sakurai,
H. Tawara, and M. Yoshino, J. Phys. B 28, L643 (1995).

26. A.Niehaus, J. Phys. B 19,2925 (1986).

HoBun mexaHiam gecopbuii ioHiB 3 NOBEpPXHi iHEPTHUX
rasie npu gii 6aratosapsagHuX ioHIB

K. Ban, M. Akiwa, H. Ueta, T. Tachibana,
T. Hirayama

ExcniepuMeHTaIbHO BUBUCHO a0COJIIOTHY JECOpOLi0 iOHIB 3
noBepxHi TBepanux Ne i Ar npu HM3bKOEHEpreTHYHOMY Oombap-
nysanni ionamn Ne?™ (g = 1-4), Ar?" (¢ = 1-6) ta Kr?" (¢ = 2-6).
Ilokazano, mo aecopOris iOHIB 3aJICKUTH BiJl MOTCHIIHHOT 1 Ki-
HETHYHOI eHeprii 10HiB, IO MaJar0Th, 1 JIHIHHO MpomopuiiiHa
HNOTEeHWIHHINA eHeprii. OTpuMaHi pe3yabTaTd HEMOXKHA MOSCHUTH
ICHYIOYMMH MOJIEIISIMU JiecopOLiii i0HIB 3 MOBEPXHI [ieJIeKTpUKa.
3anponoHOBaHO HOBHH MeXaHi3M JiecopOIii i0HIB, IO BPaXxoBYye
BHECOK 000X THIIiB €HEeprii.

KitrouoBi ciioBa: moreHmiHe po3MiIeHHS, 1ecopOlIis 10HIB, TBEp-
JIUH Ta3.
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HoBbI MexaHn3m gecopOunm NOHOB C MOBEPXHOCTU
WHEPTHbIX ra3oB NpW BO34ENCTBUN MHOIO3apsaHbIX
MOHOB

K. Ban, M. Akiwa, H. Ueta, T. Tachibana,
T. Hirayama

DKCIEpUMEHTAIBHO U3y4YeHa aOCOJIIOTHAsA AecopOuus HOHOB

C MOBEPXHOCTH TBepIbIX Ne M Ar IpH HH3KOYHEPreTHUeCKOH
+ + +

Gombapauposke nonamu Ne? ' (g = 1-4), Ar? (¢ = 1-6) u Kr?

(¢ = 2—6). Iloka3zaHo, 4TO JIecopOIMsl HOHOB 3aBHCUT OT IIOTEH-
OUATEHON ¥ KMHETHYECKOH SHEpruy MaJaioluX HOHOB U JIMHEH-
HO TPONOPLHOHATIbHA NOTEHIMANIbHON 3Hepruu. IlomyueHHbIe
pe3yIbTaThl HE MOTYT OBITH OOBSICHEHBI CYIISCTBYIOIMMHI MOJIe-
JAMM 1ecOpOLMM HOHOB C MOBEPXHOCTH AudJeKTpHka. IIpeno-
JKEH HOBBI MEXaHU3M JeCOpPOINY MOHOB, YIUTHIBAIOIINI BKIIAM
000UX THIIOB SHEPTUH.

KimtoueBbre c1oBa: TOTEHIMANBHOE PACIIBUICHHE, 1eCOPOIHs HOHOB,
TBEpP/bIi ras.
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