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Electron-stimulated desorption of D* from D ,O ice: Surface structure and electronic excitations
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We present a study of the electron-stimulated desorption of deuterium céfidnsfrom thin (1-40 ML)
D0 ice films vapor deposited on a(Pt1) substrate. Measurements of the total yield and velocity distribu-
tions as a function of temperature from 90 to 200 K show that tHeyi®ld changes with film thickness,
surface temperature, and ice phase. We observe two energy thresholds for cation emission, near 25 and 40 eV,
which are weakly dependent upon the ice temperature and phase. The cation time-¢T-@Bhtlistribution
is at least bimodal, indicating multiple desorption channels. A decomposition of the TOF distributions into
“fast” and “slow” channels shows structure as a function of excitation energy, film thickness, and tempera-
ture. The D' yield generally increases with temperature, rising near 120 K on amorphous ice, and near 135 K
on crystalline ice. The amorphous-crystalline phase transition H80 K causes a drop in total desorption
yield. The temperature dependence of Besorption via théB; dissociative electron attachment resonance is
very similar to the slow D yield, and likely involves similar restructuring and lifetime effects. The data
collectively suggest that a thermally activated reduction of surface hydrogen bonding increases the lifetime of
the excited states responsible for ion desorption, and that these lifetime effects are strongest for excited states
involving a; bands[S0163-182607)05931-4

[. INTRODUCTION formed in this field, the nature of the ice surface is still a
topic of active investigation.

The behavior of water and ice under energetic particle Electron-stimulated desorption(ESD and photon-
bombardment is a topic of great interest for many disciplinestimulated desorptioiPSD are well-known techniqués®
including astrophysic,and radiation biology.lt is also an  which are very surface sensitive. Previous low-ene(fy
important consideration in the treatment and storage of rat50 e\) ESD and PSD studies of amorphous®D,0 ice
dioactive wastes, which are often in wet environments. Mossurfaces have examined the stimulated production of
studies of ice radiolysis have focused upon the fragmentatiodl ,/D,,3* D and 0> H~/D~,*3¢ and H'/D*.3"% Some
and desorption caused by the interaction of highly energetistudies of H" ESD from H,O ice reported a threshold near
particles €>1 keV) with the bulk High-energy collisions 20-25 eV and several desorption pathways, whose relative
in a solid, however, also create vast numbers of secondarynportance depended upon the excitation ené?dy.The
electrons with energies in the 1-100-eV rafigéhe interac-  excitations responsible for cation emission have been as-
tion of these low-energy electrons with ice plays a key rolesigned to two-hole one-electron t{2e) shake-up and two-
in its radiolytic decomposition, because these secondaridsole (2h) configurations®=*° It has been postulated that
have energies resonant with valence excitations, which cathese excitations are sensitive to the local environment of the
lead to bond breaking and ejection of atoms and moleculewater moleculé®****None of these previous studies, how-
from the solid. Though the importance of electronic excita-ever, examined the temperature and ice phase dependence of
tions in sputtering and stimulated desorption from ice is wellthe cation emission.
recognized;*>® the detailed physics of this process is not In this paper, we present a detailed investigation of the
fully understood. It is therefore of interest to examine theESD of deuterium cationéD ™) from thin (1-40 ML) amor-
stimulated desorption of molecules, ions, and neutral fragphous and crystalline BD ice films deposited on a @111
ments from amorphous water ice, which is often used as aubstrate. We have measured the total cation yield and time-
model of the liquid stat& and its crystalline polymorph. of-flight (TOF) distributions as a function of incident elec-
Close examination of stimulated desorption from nanoscaléron energy, ice temperature, and film thickness. We find
ice films can also yield clues about the structure of waterincident electron energy thresholds for cation emission near
solid interfaces. 25,40, and possibly 70 eV. The Dtotal yield changes sig-

The bulk and surface properties of water and ice havanificantly as the temperature is ramped from 90 to 200 K,
been investigated with a wide variety of probes, includingand is different for amorphous and crystalline ice. A distinct
photoemissiord;*® infrared spectroscop{?i*'® electron  drop in the total yield at about 160 K is coincident with the
diffraction'%'”  x-ray diffraction®®1®  thermal irreversible amorphous-crystalline phase transition. The D
desorptiort®~2° electron-energy-loss spectroscdfyoptical ~ TOF distributions can be roughly separated into “fast” and
absorptior’ and scanning tunneling microscoffyTheoret-  “slow” peaks. Decomposition of the velocity distributions
ical efforts include calculations of the electronic, bulk, andinto these components shows that these desorption channels
surface structures of id&?°~3'Many reviews of the general have breakpoints at the same temperatures, but otherwise
properties of water, ice, and ice films are in thebehave differently. The slow cation component has essen-
literature®”:32 Despite the tremendous amount of work per-tially the same temperature and ice thickness dependence
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as the anionD") yield, produced via theéB; dissociative incident electron flux is, to our knowledge, more than 100
electron attachment resonarifeywhereas the fast cation times lower than those used in previous studies.
yield closely follows changes in the work function with  Of the many known polymorphs of ice, only four play an
temperaturé. The data are consistent with a thermally acti-important role in the temperature and pressure environment
vated reduction in surface hydrogen bonding, and reorientaef our experiments: two forms of amorphous ice and two
tion or rearrangement of the surface molecules. Examinationrystalline phases. It is possible to prepare each of these
of the relevant dissociative states of the water molecule sugsolymorphs by controlling the deposition temperature and
gest that the lifetimes of excited states are affected by thesgnnealing history. DO condensation at temperatures below
changes in the surface hydrogen bonding. 100 K forms microporous amorphous it&223148which is
characterized by a high surface area and low density. Sinter-
ing microporous ice between 100 and 120 K or depositing at
temperatures between 110 and 130 K generates ngnoat

The experiments were performed in an ultrahigh-vacuunoroug amorphous ice. Films grown above 140 K form ei-
chamber (base pressure 3210 *° Torr) equipped with a ther hexagonal crystalline icd(0001) or cubic crystalline
pulsed low-energy electron gun, a quadrupole mass speise 1c(001) '**"which we will refer to as simply crystalline
trometer(QMS), an effusive O gas doser, and a time-of- ice. The difference between i¢h andlc lies in the bilayer
flight (TOF) spectrometer. The @il1) substrate was Stacking sequence, and our surface-sensitive ESD measure-
mounted in thermal contact with a liquid-nitrogen reservoir,ments cannot distinguish between the two. Amorphous ice
and was radiatively heated by a tungsten filament. The sunnealed at 162 K undergoes a phase transition to polycrys-
strate temperature was monitored with a thermocouple spdalline ice?*?°In vacuum, D,O ice evaporates rapidly above
welded to the substrate. A computer-controlled feedback syst65 K, as shown by temperature-programmed
tem drove the temperature ramp, which was 8 K/min for botrdesorptiorf®??~2>Our investigations focused on the nonpo-
temperature-programmed desorptid@PD) and D* flux vs ~ rous amorphous and crystalline polymorphs. Amorphous
temperature measurements. The samples were prepared $§mples were prepared by depositing® vapor on the
depositing thin(1-40 ML) films of D,O ice at a rate of 4—8 Pt(111) substrate at 110 K, and crystalline samples were pre-
ML/min, with the film thickness of the amorphous samplespared by condensation at 155 K. Following deposition, the
calibrated by comparing TPD spectra with previously pub-samples were annealed at their respective growth tempera-
lished result$>?* (See note added in probfCoverages are tures until the background f pressure fell below I torr
reported in monolayers of ice, where 1 ML is defined as the2—3 min, and were then cooled to 90 K for measurement.
number of water molecules in a complete bilayer of¢hkl) ~ The desorption rate of crystalline ice is not negligible at 155
face of cubic ice ¢ 10" molecules/cm). The electron beam K, and, as a consequence, the crystalline films examined here
has a typical current density of ¥0electrons/cri/s (con- ~ may be somewhat thinner than 40 ML.
tinuous bea) and a beam spot size of1.5 mnf. The

Il. EXPERIMENT

electron beam was pulsed at 200 Hz, with a pulse width of IIl. RESULTS
700 ns, giving an effective electron dose of about®10

The incident electron energiE;) could be varied continu- dependence of the D ESD total yield and time-of-flight
ously from 5 to 100 eV, with an energy spread-e0.3 eV. da_lta. In Secs. llI B and Il C, we present the temperature and
Both the electron beam incident angle and TOF entrance griflickness dependence of the total yield and velocity-resolved
were 45° with respect to the surface normal. Since the catioh OF data, respectively. In Sec. Ill D, we compare the yield
desorption angle relative to the surface normal can chang@f D~ (produced via the’B, dissociative electron attach-
with temperaturd’ a 75-V extraction pulse was applied to ment resonan.c)eand work-function data with the velocity-
the TOF grid following the incident electron pulse. An in- ésolved D" yields.
vestigation of the collection efficiency versus extraction volt-
age indicated that an extraction field greater than 50 V was A. Thresholds and electron energy dependence
sufficient to collect all desorbing cations. Due to the use of
this extraction field, our TOF signal does not represent a true
velocity distribution, but instead measures the time of ar- Figures 1a) and 1b) show the total D' ESD yields as a
rival. The TOF has unit mass resolution, and the primaryfunction ofE; from thick (40 ML) amorphous and crystalline
cation observed was D, with a small H" signal dueto HO  D,0 ice films, respectively, at two representative tempera-
and HDO. The H TOF peak was well separated from the tures. The spectra are offset for clarity. Two major thresholds
D™ peak, and does not contribute to any of the reported datare evident, denoted (~22-24 eV andB (~40 eV). Our
The total ion yield was measured by integrating the areaesults are in agreement with earlier measurem&nfs,
under the D" TOF signal. which observed an onset at 20—21 eV and a rapid rise at
In the course of these experiments, it was noted that th@4—25 eV for proton ESD and PSD from amorphougCH
width of the D" TOF distribution increased with incident ice. ThresholdA has been assigned to deep valence excita-
electron flux. Above an electron pulse frequency of 200 Hztion followed by shake-up to two-hole—one-electror{2)
corresponding to electron fluxes of-10 electrons/ dissociative excited staté$:*° ThresholdB has been ob-
cm?/s, the D° TOF peak began to broaden noticeably, served in PSD measuremefisnd was tentatively assigned
which we attributed to surface charging. To minimize suchto valence excitation plus shakeoff to form two-holeh}2
charging effects, our data were acquired at 200 Hz. Thistates which dissociate via a Coulomb explogitt:4°

1. Total yield
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FIG. 1. Total D* ESD yield vs incident electron energg) at FIG. 2. D" time-of-flight distributions from(@ amorphous ice,

representative temperatures from 40 ML filmg@famorphous ice, and (b) crystalline ice, at selected incident electron energigs (
and(b) crystalline ice. The curves are offset for clarity. Primary and 2"d substrate temperatures. The peak height sampling tjggs)
secondary thresholds are labeléd and B. Insets show near- and tg, (S) are indicated by vertical lines. The data have been

threshold behavior as a function of temperature. smoothed for display.

The insets show the onset of emission at low and hi hOveraII, there appear to be only superficial differences in the
. .genergy dependence of the deuteron yields between amor-

. ephous and crystalline ice, though the temperature depen-
appears to shift by almost2 eV between 110 and 155 K. dence is different as discussed in Sec. Il B.

while the amorphous ice shows a smaller shift. This shift in
threshold energy cannot be accounted for by the temperature
dependence of the work functiérinstead, it appears that an
excitation channel is being suppressed for high-temperature D* TOF distributions in the near-threshold region are
crystalline ice. Above threshold, the yield increases rapidlyshown in Figs. 2a) and 2b) for low and high temperatures
with increasing excitation energy until about 70 eV, wherefrom amorphous and crystalline ice. There do not appear to
the slope decreases. PSD measurements have also notebeaany strong differences between the two phases, but the
decrease in yield at higher excitation enerdieRough esti- TOF line shapes do change considerably with temperature.
mates of the incident electron flux and the total Blux at At T=110 K, only one peak is evident in the TOF spectrum.
the detector give a quantum vyield of 19-103 At T=150/155 K, however, the distribution is bimodal, with

D */electron atE;=100 eV atT=155 K for crystalline ice, a shoulder at longer times. The TOF line shape for our ex-
and about half that ai=110 K. The quantum yield is simi- perimental geometry is not well characterized, and there ap-
lar for amorphous ice. At excitation energies above 40 eVpear to be several unresolved components in the distribution,
the yield is strongly temperature dependent, and generallgo fitting the data to extract individual peak intensities is
increases with temperature for both amorphous and crystalmpractical. The detection geometry and the use of a strong
line ice. Below 40 eV, the yield changes only weakly with extraction field also precludes transforming the data into ab-
temperaturgexcept for the threshold shift mentioned abpve solute energy units. Previous studfe® observed a bimodal

2. TOF distributions
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FIG. 3. Fast and slow D time-of-flight peak heights as a func- FIG. 4. Total D" ESD yield as a function of substrate tempera-

tion of incident electron energyg{) at low (dashed lingand high  ture for selected incident electron energies, and a typical TPD spec-
(solid line) substrate temperatures ¢a amorphous ice, an¢b) trum showing film desorption rate fgg) amorphous ice, an¢b)
crystalline ice. crystalline ice. Temperatures of interest are indicated by vertical
dashed lines and labels. The temperature ramp was 8 K/min.
kinetic-energy distribution for i ESD from ice, and re-
ported kinetic energies of 3—4 and 6-10 eV for the “slow” channels are the same, to within the accuracy of our mea-
and “fast” ion channels, respectively. We cannot verify surements £ 1 eV). The emission of slow D is the most
these energies, but we can gain an estimate of how the fasensitive to temperature, but does not change muchhyith
and slow D" intensities change with excitation energy and The fast D" signal decreases upon heating £ 70 eV,
temperature by recording the TOF peak height at two timedut increases for higher energies. Since the fast peak in the
trat @Ndtgg,,, indicated by short vertical lines labelédand  TOF distribution also shifts to shorter times #©y>70 eV, it
s in Fig. 2. We chosé;, to coincide with the maximum of is possible that another desorption channel is active above 70
the distribution at low temperatufee., when the slow com- eV which produces extra fast deuterons. This channel is tem-
ponent is at a minimuip andtg,,, to be on the slow shoulder perature dependent.
at ti+ 0.18 us. While small changes ik, and ty,,, do
affect the relative peak heights, the general features of the B. Temperature dependence
energy and temperature dependence do not change signifi-
cantly. It was found that;, is independent of energy for
E;<~70 eV. Electron energies higher than 70 eV produce Figure 4a) is a plot of the total D' yield vs temperature
slightly faster ions. from amorphous ice at selected excitation energies, and a
Shown in Figs. 8) and 3b) are the fast and slow peak corresponding DO TPD spectrum. The BD desorption rate
heights as a function &; for amorphous and crystalline ice, is negligible below 150 K, and the film begins to desorb at
respectively. As with the total yields, the decomposition intoabout 155 K2* Amorphous ice has a higher vapor pressure
fast and slow channels appears to be grossly similar for thehan crystalline ice, and the dip in the TPD spectrum at 162
two ice phases. The threshold energies for the fast and slo is due to the amorphous-crystallina<{c) phase transi-

1. Total yield
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tion, which has been well characterized in previous -
studies?**The desorption rate increases rapidly near 170 K, Amorphous  E;=50eV Crystalline
and the film has almost completely evaporated by 180 K. For f s v f s

the total D' yield measurements, the temperature was vl T (K) !

cycled from 906-140-90—-200 K at a constant rate of 8 ——‘/\
K/min. This cycle was used to determine the reversibility of / / \

the temperature dependence between 90 and 140 K. The __ AN 172

D" vyield as a function of temperature shows several fea- 2

tures. The vertical dashed lines mark temperatures of inter- S 156

est, labeledT o, (120-125 K, Tp, (140-145 K, and Tas g / AN / \
(160-165 K. The D" yield is roughly linear with tempera- & /\

ture between 90 K anil,;, and shows an increase between 2 /\ 140

Ta1 and Ty, which is dependent upoB;. The increase in 2 ‘
yield is roughly exponential, suggesting an activated process. % /\

We have choseili,; to coincide with a noticeable change in 5 124

yield, and it should be noted that when we refer to the “tran- o

sition atT,,” we are referring to this activated process. The

increase in yield betweem,; and T4, is greater at higher 108

excitation energies, and is reversible: the-410—90-K

heating cycle has no effect on the observed temperature de-

pendence in this range. The'Dyield levels off betweef 5, 92

andT 55 for E;=30 and 50 eV. The behavior ne&x, is not A R SR N TR N TN U [ TN N TN SN T A O O

completely reversible: annealing the sample abdye ap- 3.5 4.0 45 35 4.0 45
parently causes tha— ¢ transition to occur at temperatures
below 160 K. Thea— c transition is marked by a steep drop

in yield atT,s, and is completely irreversible. The yield then 15 5 p* time-of-flight distributions from amorphous and
mgeases sharply near 170 K as the film desorbs. Theystaliine ice forE,=50 eV at selected substrate temperatures.
D™ signal from water vapor above the surface is too small tyote the appearance of slow deuteron emission at temperatures

bg detected, so the incre_ase in yield is presumably associatedi 20 K. The peak height sampling timass, (f) andtgy, (S) are
with the structure of the ice surface as it sublimes. The tranindicated by vertical lines.

sition temperatures quoted here depend upon the heating
rate?®?* so care should be exercised when comparing théunction of temperature for amorphous and crystalline ice.
results to other studiegSee note added in propit is clear,  The distributions folE;=30 and 100 eV are similar to those
however, that the amorphous ice undergoes transitions #r 50 eV. Both amorphous and crystalline ice show the
Ta1—Taz and Tx3 which change the cross section for deu- emergence of a slow component at higher temperatures. We
teron desorption. can extract the peak height gt andtg,,, in the same man-
Figure 4b) shows the temperature dependence of thener as for the threshold data, and examine in detail how the
D™ yield from crystalline ice and a BD TPD spectrum. The two components behave as a function of temperature.
magnitude of the yield is comparable to the yield from amor-  Figure Ga) shows the temperature dependence of the fast
phous ice. However, the temperature dependence is very difnd slow D" peak heights aE;=30, 50, and 100 eV for
ferent, with only one breakpoint in the slope near 135 Kamorphous ice. The data have been arbitrarily scaled for dis-
(Tc1), which is most apparent at 50-eV excitation. Crystal-play. The similarity between the different excitation energies
line ice does not exhibit tha—c phase transition, so the is striking, given the apparent dissimilarity of the total yields
shoulder in the TPD spectrum and associated drop in thin Fig. 4. Both the fast and slow channels have breakpoints at
D™ yield do not occur. The deuteron yield B{=30 eV  about the same temperatures, and decrease at-tkephase
decreases with increasing temperature, which may be relatethnsition. The temperature dependence of the slow channel
to the threshold shift to highdé, upon heatingsee Fig. 1b) is independent oE;, and increases betwedry; and Tp,.
insef. At E;=50 eV, the yield rises up td ¢y, then levels The fast emission channel has the opposite behavior with
off, and does not change much until the film evaporates. Atemperature; it decreases betwekny and T,,, except for
100 eV, however, the yield grows larger afles;. This T, E;=100 eV, where itincreases These data further support
transition, likeT,, in the amorphous ice, is reversible: heat- the idea than an extra desorption channel is active above 70
ing in the 90-140-90-K temperature cycle shows no eV. The difference between the fast deuteron yields at 50 and
change in the yield. 100 eV may be due to this extra channel. This extra desorp-
o tion channel has the same temperature dependence as the
2. TOF distributions slow product, suggesting that it is related to the slow D
Changes in the total yield as a function of temperaturechannel.
electron energy, and crystalline phase reflect changes in the The apparent dissimilarities in the temperature depen-
dominant desorption channels. It is therefore important talence of the total D yield from amorphous ice at different
examine the fast and slow ion components of the TOF disk; can then be explained in terms of the relative cross section
tribution as a function of temperature and ice phase. In Figfor the fast and slow desorption channels. The total yield at
5, the D" TOF distributions forE;=50 eV are plotted as a E;=30 eV is nearly independent of temperature; this is be-

Time (us)
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cause the increasing slow'Dyield is the same magnitude as may have a smaller total excitation cross section, shorter
the decreasing fast Dyield, and the two contributions ef- excited-state lifetime, or perhaps a smaller number of active
fectively cancel out. At 50 eV, the decrease in the fast chansites than the amorphous and single crystalline phases.

nel does not entirely cancel out the increase in the slow chan-
nel, and when added together give a modest increase in total
yield aboveT,;. At 100 eV, the increase in fasind slow

D" intensities collectively give a large increase in total 1. Total yield

yield. The data in Fi [ i
. : presented in Figs. 1-6 were obtained on thick
Figure E{.b) shows the_fast and slow Dpeak heights for (~40 ML) ice layers. However, the total deuteron yield de-
crystalline ice as a function of temperature. The overall tem-

erature dependence is simpler than from amorohous. ic ends upon the thickness of the ice film, as shown in Fig.
PE P P ) P ‘g(a) and 7b). The data in these figures were obtained during
with the only strong change occurring negg;. The slow

oS < deposition. The yield from amorphous i€Eig. 7(a)] rises
dia/utsr?n em|_35|on| |rt1_crelases nté—a{tl fgr—Egio_ 5\(/) ‘?}_T}d %Oot very rapidly up to about 2-ML coverage, rises more slowly
ev, but remains relatively constant teg=250 €v. In€fast 5 5 maximum, and then decreases to a saturation value

Y .
D yu—:}ld at 50 an_lthogoevva:cppiars_ tlc(; bﬁ similar Lo thearound 25 ML. The thickness dependence is very different
amorphous case. The 30-eV fast'Dyield, however, de- (o cryctalline ice[Fig. 7(b)]. The yield rises rapidly to 2
creases rapidly with temperature. The observed threshol L, the same as amorphous ice, but then decreases to a
shift with temperatur¢see Fig. 1b)] could be a cause for the min’imum at about 8 ML, and gr:adually rises to a near-

HTE ; .
ggt S\I?V\I'A% yield an_d tpe Iargleddrop m_the fast*Dylqu at _ﬁaturation value by 40 ML. A similar behavior of the
eVv. A decrease In the total desorption cross section With, + jo, vield as a function of thickness was observed for

increasing temperaturédue to the tbresholq shiftwould H,O/Ti(001) by Stockbaueet al** The differences between
counteract the increase in the slow”Ontensity, and aug- the amorphous and crystalline thickness dependence may be

menrt] th? decrr:aase Iiln Jhe fastnter?sity "’I‘tEi:3o ev. h due to different growth modes. It is surprising that such thick
The fact that all desorption channels appear to havgyg are required to reach an equilibrium surface. It is

breakpoints at the same temperatures suggest that changes iy, that amorphous ice forms clusters at low coverage on

the surface environment are occurring. Though thes?’t(lll).&sthese clusters coalesce at higher coverages, and

changes in the surface environment occur at different Msur observations may be due to the change in cluster density

peratures for amorphous and crystalline ice, they appear g o erage increases. The surface roughness can also have
have similar effects on the desorption. In general, the fas

. n important impact on the Dyield, which is discussed in
and slow deuteron channels have nearly the opposite temy;

. . nother publicatior’
perature dependence, which suggests a population effect; i.e.,
the fast emitters begin to be converted into slow emitters at L
Ta, andT¢;. The surface environment which produces slow 2. TOF distributions

deuterons also can produce fast deuterons aBowe&/0 eV. The TOF distributions are also thickness dependent, as
The common drop in intensity for the faghd slow D* at  shown in Fig. 8 forE; =50 eV. At 110 K, the slow shoulder
the a—c phase transition suggests that all channels on th& pronounced for the thin amorphous film, but decreases

polycrystalline surface with film thickness and is not present for the thick film. The

C. Thickness dependence
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(a) amorphous an¢b) crystalline ice as a function of ice film thick-

ness in ML. The data were acquired during film deposition, and are
scaled for display.

crystalline ice shows slow D emission for all coverages,

which is expected due to the elevated growth temperature. In
Fig. 9 we plot the fast and slow peak heights versus thick-
ness for both ice polymorphs. It is clear that the peak in total
yield at low coverage from amorphous ice is due to the pres-
ence of the slow component. This serves to explain the dif-
ference between the deposition curves at 30, 50, and 100 eV,

since the fast/slow ratio is dependent upggn The mini-

mum at~8 ML on crystalline ice is visible only in the fast
component; the slow component rises to a saturation value,
and remains constant for thicknesses greater than 2 ML. It is
difficult to interpret the data from the crystalline ice, as the

sample is warm during deposition and the observed slow
component may be present simply because of the surface
temperature. It is clear, however, that the fast and slow dis-
sociation cross sections are affected differently by the thick-

ness of the ice layer.
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FIG. 8. D' time-of-flight distributions aE;=50 eV as a func-
tion of ice thickness for deposition temperatures at @fiorphous
ice) and 155 K(crystalline ice.
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The different behavior of the fast and slow components is FIG. 9. Fast(filled circles and slow(empty circley D* time-

unlikely to result from a hot-electron transfer process fromof-flight peak heights as a function of film thicknessEat=50 eV.
the substrate or a backscattering contribuffbwhich would

Top: amorphous ice; bottom: crystalline ice.
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—o— D,E,=72¢eV

—o— D,E=72¢eV + _
D" Slow —e— D" Slow, E; =50 eV

Normalized Intensity (arb.units)
Normalized Intensity (arb. units)

Crystalline (155K)

80 100 120 140 160 180 200 220 0 10 20 30 40
Temperature (K) Film Thickness (ML)
FIG. 10. Comparison of the D ESD total yield and the D FIG. 11. Comparison of the D ESD total yield and the D

slow component yield at selectefy from amorphous(top) and  slow component yield as a function of film thickness for amorphous

crystalline(bottom ice as a function of substrate temperature. The(top) and crystalline(botton) ice. The data have been normalized
data have been normalized for display. for display.

be expected to affect both decay channels equally. It seemgerature with the work function data of Ref. 8. The work-
more likely that the thickness dependence is due either t@unction measurements were taken opQHmultilayers de-
stabilization of a predissociative excited state via interactiorposited on Rtl11), so a shift of+5 K was added to the
with its image charge or to changes in the surface structureemperature axis to correct for isotope effétfsr compari-
with coverage. The different behavior of amorphous andson with our D,O/P{111) results. The similarity here is also
crystalline films disfavors an interaction involving stabiliza- striking. The orientation of water molecules in the surface
tion of a predissociative excited state via image charge inter-
action. However, a change in the structural environment of

; : 1.5
surface water molecules can be expected to impact the dis-__. ! ! ! ' ' '
sociative excited states affecting the fast and slow deuterons@ 20 E =50 eV +
differently. Therefore, we suggest that thickness-dependentg i
changes in the surface structure or morphology of the ice 3 Amorphous Ice 4 1.0
film causes the observed variation of emission with fim 5 15[ o
) L t
thickness. x o
o -1 05 =
Z 10} 2
D. Comparison with negative ion yield S s
and work-function measurements o E—
We have extended our observations to [ESD, whose ~ @ -0.5 |- 1%%w
details will be reported in separate publicatidhdhese in- O :
vestigations reveal that the thickness and temperature depen 3,
dence of the D total yield is very similar to the slow D 00 1052
yield. In Figs. 10 and 11, the slow Dchannel peak height | | 1 1 1 1
and the D total yield are plotted as a function of tempera- 80 100 120 140 160 180 200 220
ture and film thickness, respectively. The curves are surpris- Temperature (K)

ingly similar, considering that very different physical pro-

cesses are responsible for the desorption. However, the ion FiG. 12. Comparison of the ice work functigrelative to the

yields are clearly related, and are being affected similarly byp(111) substrate, left axisand the D" fast component peak height

the temperature and thickness dependent changes in the ieg.E;=50 eV (right axi9 vs temperature. The work-function data
Figure 12 compares the Dfast peak height versus tem- are taken from Ref. 8.
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Vapor Solid excitations in our energy range. The tetrahedral real-space
10 m orbitals can be represented as a linear combination of the
valence molecular orbitals: theb] and 2a; orbitals are the
2b5a, — | primary constituents of the O-H bonds, while thb;land
ob 2, —[ cB — - _ 3a; make up the oxygen lone-pair orbital3 The four low-
3sda, — [ 4aa [ .- est unoccupied molecular orbitals are trag 42b,, 2b,, and
E—————— 5a;. The 4a, and 5, orbitals are strongly antibonding—
= 10 " occu%ition of these states leads to breaking of the O-H
> -10F  1p, 1 2z 7 bond? The 4a, orbital mixes with the 3 Rydberg state in
% 3a, — 3a, the gas phase, and is sometimes referred to asha;3
g 1b, — 1b, There are only small differences in the electronic structure
S 20 | - of the free water molecule and condensed ice, with some

broadening and minor shifting of the energy levétig. 13,
right).”~34%The molecular orbitals retain much of their gas-
phase character, so the peaks in the ice valence-band density
-30 - 7 N of states are usually labeled by the same spectroscopic nota-
22— > 2 > tion as free water. The conduB(/:tion band o?ice is veFr)y nar-
row, with the band minimum less than 1 eV below the
a0l _ vacuum levef®27:29The Fermi level is estimated to be5
eV above the b, band maximunf. The unoccupied &,
FIG. 13. Schematic diagrams of the electronic structure of thedrbital is in the band gap and has a localiz@kcitonig
free water moleculdleft) and solid water icgright). Solid lines  character. In the solid state, the unoccupied molecular orbit-
represent the occupied density of states, and dashed lines represalg are better described as Frenkel excitons, in which the
the density of unoccupied states. The energy scale is referenced @oulomb attraction localizes the electron-hole pair on the
the vacuum level. water molecule. The optical-absorption spectra of ice shows
a pronounced peak at-8.3 eV, corresponding to a
dipole layer collectively contributes to the work function. As 1b,;—4a, transition, well below the photoelectric
the surface dipole orientations change, some fraction of théhreshold:'*?” The 4a, state is spatially extended, and
fast deuteron emitters convert to slow deuteron emitters. Thishould be sensitive to the local bonding environment of the
similarity between the fast D desorption data and the work- water molecule. The, orbitals are the most perturbed by
function data suggests that the observed transitions in thieydrogen bonding, broadening considerably in the solid
yield with temperature and thickness are linked to transitionstate’“? Calculations of ice band structure indicate that the
in the orientation of surface molecules, and therefore ta,; bands also have the most dispersion, while the and

changes in the surface structure. 1b, bands are virtually dispersionle€sOne would then ex-
pect that electronic excitations involving the bands would
IV. DISCUSSION be t_he most sensitive to changes in the hydrogen bor_1d|ng
environment. Specifically, a reduction of the bandwidth
A. Electronic structure of water and ice should occur if the hydrogen bonding is weakened, and the

a’fetimes of electrons and holes in these bands should in-
crease as a consequence.

Before we discuss the nature of the dissociative excite
states responsible for D desorption, it is instructive to re-
view the electronic structure of water and ice. The ground- _ o o )
state electronic configuration of the isolated water molecule B. Dissociative excitations of water and ice
can be written &72a%1b33aj1b7.52 A schematic rendering There are many excited states of the water molecule
of the gas-phase valence energy levels and density of stategich can lead to D emissior’®*° Ramaker discussed the
is given in the left side of Fig. 13. The solidashedlcurve  dissociative excitations of water in the solid and gas phase at
models the occupiedunoccupiedl density of states, esti- length#’ Table | lists the relevant electronic excitations, their
mated from calculations and photoemission datd?°The  threshold energies, and the ion kinetic energies for &and
la, orbital is almost entirely of O 4 character(binding D~ ESD. The threshold energies for the excitations listed in
energy ~500 eV), and does not play a role in electronic Table | should be taken as approximate values, since surface

TABLE I. Excitations of water leading to ion emission.

Ref. Excitation energyeV) Valence configuration Product Kinetic ener@V)
40 21-25 3a; '1b; '4a} D* 0-4
40 26-31 1b; %4a; D* 4-7
40 31-36 3a; %4a; D* 1-4
~70 2a;? D* >7

35,36 ~7 1b; *4a? D~ <1
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water molecules may have excited state energies which a®a; *1b; *4al to 1b; ?4a7 which “turns off” at higher tem-
shifted from gas phase or bulk values. The primary Be-  peratures, due to a temperature-dependent change in the
sorption channels in ice have been assigned to thexcited-state lifetimes.

3a; '1b; *4al excited state, which dissociates to 0—4 eV

(“slow” ) protons, and the H; ?4a] excited state, which 1. lon survival effects

produces 4-7-eV“fast” ) protons’® These are B1e states, An inelastic scattering process which converts fast D
with two holes in the valence band and one electron in thyig sjow D* at high temperature is improbable, as it does
4a;, and their threshold energies are in good agreement WitRot explain the similarity between the'Dand D~ tempera-
our observed onset for D emission(thresholdA in Fig. 1).  ture dependencies, or the thickness-dependent data. How-
Hydrogen bonding apparently reduces the lifetime of theever, a change in the ion take-off angle could affect the es-
3a; “4a; state to the extent that it does not normally con-cape probability, and therefore the total yield. Akbulut, Ma
tribute to the desorption process. A,&°" two-hole (2h) and Madey reported that the 'Hion angular distribution
state has been reported in gas phase experiments withfam H,O ice narrows considerably as the surface is
threshold of~39 eV, which is near threshoB in Fig. 1*°  heated"” which can be attributed to reorientation of surface
This state dissociates via Coulomb explosion and is expectegtater molecules to point dangling H atoms into the vacuum.
to produce protons with kinetic energy4 eV (“fast”). It is difficult, however, to explain the details of the thickness
Since we do not observe any large increase in the fast D and temperature dependence of the velocity-resolvéd D
intensity as the excitation energy crosses thresiildhe channels, and the correlation between the slow Bnd
H,0%"-excited states are probably short lived in the solid,D ~ yields, with only a reorientation mechanism. Surface re-
and recapture an electron to fornhl2 states. The emission orientation and the resulting modification to the escape prob-
of very fast deuterons fdg;> 70 eV, we tentatively assign to ability probably do contribute to the total yield, but other
the 2a; ? two-hole state, which has a threshold of 60—70 eV.mechanisms must be invoked to explain the very different
While there are many excited states of the water molecul®ehavior of the velocity-resolved Dyields.
which can lead to positive ion emission, the first negative ion
resonance 48,) that produces D has thebI'4a? one- 2. Excitation cross-section effects

hole—two-electron (fi2e) configuration, with an excitation It is possible that changes in the orientation and bonding

of surface water molecules could be reflected in the total

state, since the excitation energies are diffeféraV for the
D~ (°B,) resonance, versus a threshold 20 eV for
D" emission.

possible excited states. Certainly the cross section for
electron-impact excitation of water molecules depends upon
the angle of incidence, as the water molecule is not spheri-

b LS ally symmetric. However, such a mechanism also fails to
contend that the slow D results from the &, "1b, “4a; explain the similarity between the slow Dand D~ data;

and/or 3 *4a; configuration, the fast D is produced by there is no reasoa priori to expect that the geometric con-
the 1b; *4aj state, and the negative ions are due to thefigurations which increase the probability of exciting the
1b; *4af resonance. All of these excitations involve an elec-slow D™ states should also increase the cross section for the
tron in the 4; band so the excited states are somewhahegative ion resonance.

similar.

3. Changes in excited-state lifetimes

C. Factors influencing ESD yields We therefore favor the third process: a curve crossing
from the 3a; '1b; *4a] state to the b; 24al which is re-

) : 1 X duced at higher temperatures. The potential-energy surfaces
relatively inoperative belowla;(Tcy) on the thick amor- ¢4 the dissociating water molecule are very complex, and
phous(crystalling ice surface. Instead, the*Dd%sorlp'uon at jittle has been reported on the effect of the solid-state envi-
low temperature is dominated by the “fast'’b] “4a; chan-  ronment on excited-state curve crossings. There are, how-
nel. As the temperature increases, the; 8lb; *4ai and  ever, gas-phase calculations which indicate that a
3a; “4a; begin to contribute more to the yield, at the ex- 3a; '1b, '4al—1b; 24al curve crossing existd suggest-
pense of the By *4a;. The fact that the increase in the slow ing that such a process can indeed occur on the surface of
channel is accompanied by a decrease in the fast channiee. One possible explanation for the temperature depen-
suggests a population effect; excitations which would nordence of the curve crossing involves the lifetime of the hole
mally decay into fast deuterons are instead producing slovin the 3a, level. The excited-state curve crossing represents
deuterons at higher temperature. Physical processes whighe transfer of a hole from thea3 level to the b;; an
could produce such an effect includ&) collisions of the increase in the 8, hole lifetime would reduce the curve-
outgoing D" which reduce its kinetic energy or create sec-crossing rate, increase the slow"Djield, and decrease the
ondary ions, or ion survival effect2) an “initial-state”  fast D" yield, as we observe. Since the ESD vyield depends
cross-section change, in which the probability of exciting theexponentially on the excited-state lifetirfiit does not take

3a; "1b; "4a; or 3a; “4a; configurations upon electron im-  a large change to affect the yield. A good candidate expla-
pact increases, while the probability of exciting trtnal‘f4ai nation for the fast/slow temperature dependence, then, in-
decreases; an@®) a curve crossing from volves the lifetime of holes in the&d level. In addition, the

The “slow” 3a; *1b; '4al and 3; %4a] channels are



56 ELECTRON-STIMULATED DESORPTION OF D FROM ... 4935

yield from the 2a; 2 channel abovéE; =70 eV increases at 120 K has also been implicated in depolarization thermocur-
high temperature, in a manner similar to the slow bhan-  rent measurements in ic2@Our bond-breaking model is con-
nel. This can be explained if the forces acting to increase thaistent with these earlier observations, and the activated mi-
3a, hole lifetime are also affecting thea2 hole lifetime.  gration ofL defects provides a mechanism for the reduction
The close similarity between the negative ion yield and then surface coordination. Since the cross section for desorp-
slow positive ion yield leads us to believe thaadevel is  tion is rather large, a surface defect density fl0"2

also being perturbed at higher temperatures. An increase &m  or a bulk defect density of- 108 cm ™2 is required to
lifetime of the electrons in thea} level increases the disso- explain our yields. Measurements of the Bjerrum defect con-
ciation probability, and the resulting Dyield, which would ~ centration in vapor-deposited ice have not been reported, to

explain our observations. our knowledge, but Dosch, Lied, and Pilgram reported defect
densities of~10'° cm~2 in the near surface region of bulk
D. H-bond breakage and excited-state lifetimes ice sampleg? The proposed H-bond breaking which leads to

i i changes in the excited-state lifetimes is, therefore, consistent
The data are consistent with a temperature dependence @i, 5 surface manifestation of bulk ice transitions.
the electron and hole lifetimes in the valersgebands. Since

the a; bands are sensitive to hydrogen bonding, it seems
reasonable that the surface H-bond network is being modi-
fied as the ice is heated. A reduction in H bonding is ex- The electron-stimulated desorption of deuterium ions
pected to narrowand possibly shiftthe a; bands, with a from D,O ice has been found to be very sensitive to the
corresponding increase in the lifetime of electrons and holesurface hydrogen-bonding environment and film morphol-
in these bands. We therefore attribute the observed temperagy. Our analysis of the data suggests that water molecules
ture dependence of the Dyield as arising from a reduction at the ice surface undergo a reduction in hydrogen bonding
in the coordination of surface water molecules beginning ahear 120 K(135 K) on amorphougcrystalline ice, well
Ta1 on amorphous ice antic; on crystalline ice. The re- below the temperature at which the film desorption rate be-
duced hydrogen bonding narrows thgbands, and increases comes appreciable. This reduction in coordination number
the lifetimes of the a;'1b; *4al, 3a;%4a], 2a;2, and may be related to thermally-activated migration of Bjerrum
1b; *4a? states. These electronic configurations give rise td- defects to the surface. By 140 K the amorphous surface
slow D", slow D*, fast D™ (for E;>70 eV) and D™, re-  has reached a stable configuration in which the H-bond co-
spectively. The negative ions and slow deuterons from th@rdination number does not change, and near 162 K the ice
low-coverage surface can arise from low-coordination wategrystallizes. Our observations of the total yield, time-of-flight
molecules, which are expected to be populous at low coverdistributions, and the thickness dependence of the d2-
age. Surface molecule orientation changes associated wigiorption can be explained by a narrowing of thevalence
the bond breaking should also result in a change in the workands caused by a reduction in hydrogen bonding, which
function, which would explain the apparent similarity be- increases the lifetime of electrons and holes in these bands.
tween the fast ion yield and work function. Temperature-The similarities between the temperature and thickness de-
induced hydrogen bond breakage and surface geometigendence of the D yield, D~ yield, and work function give
changes, followed by narrowing of tteg bands, explain all further evidence of temperature-dependent changes in the
of the salient features of our data, but further study is stillsurface structure. We contend that the slow Eesults from
needed to confirm or repudiate some assumptions, such #se 3a; '1b;'4al and 3;?4a] configurations, the fast
the 3a; '1b; '4a]— 1b; 24al curve crossing. This explana- D " is produced by the li; ®4a] state, and the negative ions
tion, however, is not without precedent: a similar mechanismare due to the fi; *4a? resonance. We have also seen evi-
involving molecular coordination-dependent broadening ofdence of a threshold at 70 eV producing fast ions, which
the 4a; orbital has been invoked to explain features in thewe have assigned to thea2? state. These results imply that
PSD of H" from ice at photon energies above the ©cbre  the local environment of a water molecule is important for its
level* dissociation cross section, and such structure-dependent ef-
The process by which H bonds begin to break may beects may be important for ice and water radiolysis in astro-
unique to the surface, or may be related to transitions in th@hysics, biophysics, and atmospheric chemistry.
bulk ice. A change in the heat capacity and excess entropy Note added in proofA recalibration revealed that the
has been observed near 125 K for amorphous ice, and ne@mperatures quoted should be modified bV,
140 K for crystalline ice, which has been assigned to a con=0.91T,,+10 K. This recalibration does not change any of
figurational change in the bufi®®%*The physical origin of the conclusions.
this “glass transition” is still a topic of debate. In a recent
paper, Dosch, Lied, and Pilgram invoked activated migration
of L defects in the near-surface layer to explain their x-ray
scattering measurements of the disruption of surface H bonds The authors would like to thank B. D. Kay, G. A. Kim-
and surface premelting on hexagonal ice at atmospherimel, R. S. Smith, B. Rowland, S. A. Joyce, and T. E. Madey
pressuré? An L defect can be thought of as a H-bond va- (Rutgers$ for helpful discussions. This work was supported
cancy. Migration of thesé defects to the surface can result by the U.S. Department of Energy, Office of Basic Energy
in the rupturing of surface H bonds, and can produce theéciences. Pacific Northwest National Laboratory is operated
coordination-dependent excited-state lifetime effects we obfor the U.S. Department of Energy by Battelle Memorial
serve. The activated migration of pre-existihgdefects at Institute under Contract No. DE-AC06-76RLO 1830.
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