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The electron-stimulated desorptigSD) of D™ ions from condensed O films is investigated.

Three low-energy peaks are observed which are identified as arising from excitafiBp, GA,,

and?B, dissociative electron attachmeiEA) resonances. A fourth, higher energy feature is also
seen in the D yield which is likely due to the formation of a transient anion state that dissociates
and/or decays into a dissociative excited state. The energies and ion yields of the resonances vary
with the temperature and morphology of the@film. Below 60 K, the work function of the ice

films changes with temperature and the DEA resonances shift in energy. TheESD yield
generally increases with temperature, but it deviates from this trend at temperatures corresponding
to structural phase transitions in ice. TH8() D~ temperature dependence is remarkably similar

to that observed for the ESD of low-energy bns from DO ice, even though the two originate

from different electronic excitations. These results are attributed to thermally induced changes in the
hydrogen bonding network, which changes the lifetimes of the predissociative states that lead to
ESD and which also allows for the reorientation of surface molecules19@7 American Institute

of Physics[S0021-960807)02344-1

I. INTRODUCTION decay channeldqy) inelastic scattering of the incident elec-
Er_on, and(8) in the case of DEA, postdissociation interac-

tions for low-energy electron scattering from isolated mol-1ONS  between  the jon fragment and the surrounding

ecules due to the formation of transient negative ion state@,md',um'l 1_2 To date, there are no predictive models th'at

which decay either via electron autodetachment or dissocia2P€Cify which of these factors have the greatest influence in a
tive electron attachmentDEA). DEA typically involves particular system. Hgnce, it is of general interest to mves_tl—
multielectron resonances consisting of an excess electrddfit€ how condensation affects electron-molecule scattering
bound temporarily to an electronically excited molecule.!n various systems.

These core-excited transient anion states are generally two- Water has obvious biological and chemical significance,

electron, one-hole configurations which are classified as e®nd it is also an excellent substance for investigating the

ther Feshbach or shape resonances. Since the lifetimes effects of condensation on DEA. The vapor pressure of water
Feshbach resonances are sufficiently long-10712  below~175 K is less than 10° Torr,*® which is sufficiently

—10 *s) for significant nuclear motion to occur, dissocia- low to enable the investigation of water films under ultrahigh
tion into stable anion and neutral fragments will result pro-vacuum(UHV) conditions over a wide temperature range.
vided one of the fragments has a positive electron affinityWater films are also highly polarizable and exhibit a number
and that the excited anionic state is symmetry allowed an@f morphologies which depend on the growth conditions and
dissociative in the Franck—Condon region. film temperature. In addition, hydrogen bonding interactions
Resonance structure is also observed in the electron scdietween neighboring water molecules can, in principle, af-
tering and electron stimulated desorptilSD) cross sec- fect DEA resonance energies and ESD ion yields.
tions of condensed molecults Since these resonances are  The DEA resonances in water vapor are well
highly localized, they can be conceptualized using a singlecharacterized*=2’ Three distinct (HO™)* states have been
site scattering picture. However, additional factors must b&bserved for incident electron energies; ) below 15 eV.
considered due to the influence of the surrounding mediunmgach of these Feshbach resonances, which are peaked at 6.5,
These include(1) changes in the symmetry of the scatteringg 6, and 11.8 eV, generate HO™, and OH, although the
event,(Z) the fixed orientation of the molecule with respect cross sections for Oand OH production are quite low. The
to the surface(3) the polarization response of the medium, measured angular distributions of Hare consistent with
(4) short-range interactions between the molecul8smage  yesonances of symmetf8, (6.5 eV), 2A, (8.6 eV), and?B,
interactions with the substraté§) the occurrence of new (11.8 eV}.* The energies of these DEA resonances are es-
sentially unchanged upon isotopic substitution. However, the
dAuthors to whom correspondence should be addressed. cross section for D production from BO is reduced by a

Resonance structure is often observed in the cross se
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factor of ~0.6 from that of H from H,O, and the widths of and a Pt(111) crystal mounted on a liquid-nitrogen-cooled
the resonances are reduced-b9.3 eV manipulator. The Pt crystal was cleaned by repeatedly heat-
The ESD of H/D~ via DEA has been observed in thin ing it to ~1200 K in O, (5x10~° Torr) and then in UHV.
films of condensed D and DO, and in submonolayer wa- The temperature was measured with a K-type thermocouple,
ter films adsorbed on noble gas multilay&t&:26The H /D~ spot welded to the side of the crystal. For temperature pro-
ESD yield has a threshold at5.5eV and it peaks at grammed desorptiofTPD) and temperature-dependent ESD
~7.4 eV, with a shoulder at9 eV.? This structure in the Measurements, the ice films were heated radiantly using a
anion yield was attributed to excitation of tAB, and?A;  tungsten filament mounted behind the Pt crystal.
DEA resonances, respectively, which arel eV higher in The films were grown via vapor deposition of ultrapure
energy and broader than in the gas phase. The energy shi®eO. A calibration of the film thickness and temperature was
was attributed to perturbations of the electronic structure ofade by comparing D TPD spectra to computer models
water upon condensatiivhen DO is substituted for D, ~ and to published dafd **Based on this calibration, we es-
the main €B;) DEA resonance narrows in the same manneitimate an uncertainty of 5 K in the temperature ang20%
as is seen in the gas phase, indicating that inelastically scai? the coverage. Coverages are reported here in terms of ice
tered electrons do not contribute significantly to the width ofbilayers (~10" molecules/crf).**
the resonanc®lnstead, the increased width of the resonance  In the PNNL apparatus, a monochromatic electron beam,
was ascribed to condensation-induced changes in the potehaving an energy spread of 0.3 eV full width at half-
tial energy surfaces involved in the dissociation processmaximum(FWHM), was focused onto f ice films grown
Energy- and angle-resolved DESD measurements from on the Pt(111) crystal. The desorbing Dions were col-
D,O multilayers reveal additional differences between aniorlected using a 50 V pulse to accelerate them into the TOF
production in gas- and condensed-phase water. AtBpw  Spectrometer for detection via gated integration. Accelerating
the most probable kinetic energy of the desorbing anionghe low-energy ions into the detector guarantees that ions
increases linearly with energy, having a slope close to thagmitted at all angles from the surface are collected and also
seen in the gas phaé@.4 eV/e\).'2 However, the ion kinetic ~ eliminates any energy bias the detector may have. The inci-
energy distributions are shifted down by0.5 eV and are dent electron beam was pulsed at 100 Hz, with a pulse du-
noticeably broader. In addition, the measured angular distriration of 1 us and an instantaneous current density of
butions of the desorbing ions do not reflect the symmetry of~7x10 " A in a spot size of~10 mnf (7x 10~ 1% A/lcm?
the transient excited states, as they do in the gas phase. Itime-averaged current densityunder these conditions the
stead, they peak in the surface normal directominally, D~ signal is linear in the incident electron flux and exhibits
electron energy-loss measurements gDHnultilayers indi-  well-resolved structure as a function Bf. Increasing the
cate that condensation opens up an additional decay chanriéhe-averaged current density by more than a factor of 2
for the 2B, Feshbach resonance which can couple, via longfrom this value, however, leads to a noticeable loss of reso-
range dipole interactions, to intermolecular vibrationallution in the observed electron energy dependéndée D
modes of the surrounding filfh. energy and temperature dependence data collected at PNNL
In this article we demonstrate that the energies and iore the sum of five to ten separate scans, each typically col-
yields of the three low-energy DEA resonances depend ofected from a freshly grown film. Since the electron flux to
the temperature and morphology of the film. We also reporthe sample changes slightly wikh , the data are normalized
a fourth, higher energy feature in the Qield which may be to the incident electron current. Hence, the reportedyi2ld
associated with a DEA resonance and/or the creation of iorepresents the number of ions generated per incident elec-
pairs. We discuss how the temperature and morphology ddron, which is on the order of IG. This normalization does
pendence of the ion yields results from changes in the hynot introduce any additional structure to the data.
drogen bonding network and from the reorientation of sur-  The Sherbrooke ESD apparatus and experimental tech-
face molecules. The experimental procedure and sampliques have been described in detail elsewhéréin brief,
preparation techniques are described in Sec. Il. A discussioifie system consists of an UHV chambgrase pressure
of the energy, temperature, and morphology dependence of 2x 10~ *° Torr) containing a cryo-cooled polycrystalline
the D™ ESD yield is presented in Sec. Ill. Finally, a sum- Pt foil, a low-energy electron monochromat(80 meV
mary of our observations and conclusions is presented ifWHM), and a QMS. The Pt foil was cleaned by resistive

Sec. IV. heating. Doubly distilled BO was vapor-deposited on the
foil. Film thickness was estimated using a volumetric dosing
Il. EXPERIMENTAL PROCEDURE technique®® and has an estimated accuracy-e60%. D~

ions were generated by the impact of a monochromatic
electron beam (5x10°°A in a 12mnf spot, or
The experiments were carried out at Pacific Northwes#x 10~8 A/cm?) and detected using the QMS. Heating was
National Laboratory(PNNL) and at the University of Sher- achieved by turning off the cooling system and allowing the
brooke. The PNNL apparatus consists of an UHV chambefilm to warm slowly from the base temperature of 23 K.
(base pressure-2x10 *° Torr) equipped with a pulsed Low-energy electron transmissiofLEET) measure-
low-energy electron gun, an effusive gas doser, a quadrupolments were also carried out at Sherbrooke using a similar
mass spectrometdQMS), a time-of-flight (TOF) detector, sample preparation method. Details of the LEET apparatus

A. Ultrahigh vacuum systems and techniques
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and technique can be found in Refs. 37 and 38. For the
LEET measurements, a magnetically collimated monochro-
matic electron beanfFWHM~40 me\) impinges on an ice
film condensed onto a polycrystalline Pt foil. A LEET spec-
trum is obtained by collecting the electron current transmit-
ted through the film to ground as a function of the potential
applied between the electron source and the Pt substrate. The
transmitted electron current rises sharply at the zero energy
reference(ZER) of the vacuum level, producing a structure
called the injection curve. The half-height of this curve de-
fines the ZER, within the beam resolution, and variations in
the work function of the sample cause the ZER to shift in an
equivalent manner.

3 5 7 9 11 13 15
Electron Energy (eV)

lon Yield (arb.)

B. Ice film preparation

Four known ice polymorphs, two amorphous and two
crystalline, are stable under UHV conditions in the tempera-
ture range considered hef23—190 K. Ice films grown by
vapor deposition at substrate temperatures beto®l0 K
are amorphous and have a large surface-to-volume ratio aris-
ing from a high density of microporéd.These pores col-
lapse if the film is warmed te- 120 K, resulting in a higher
density form of amorphous ic€-*3 Nonporous amorphous
ice can also be grown directly by depositing water vapor at B I MBI B e i
temperatures betweerr 110—140 K. Annealing an amor- 0 5 10 15 20 25 30 35 40
phous ice film above the amorphous-to-crystalline phase Electron Energy (eV)
transition temperaturé~155 K for the conditions used in
this study leads to crystallization of the filft*}#4Crystal- ~ FIG. 1. D™ signal vs incident electron energy, collected at 120 K from a
line films can also be grown directly by depositing Waterfive-b@layer film of an'worphous'ice, which was grown at 90 K. The !nset _
vapor Q.t temperatures al:.)ove150. K bpt below the .onset for tcc())rtlézlr;;r:é)éet:);taned scan in the energy range 3-15 eV, along with a fit
appreciable BO desorption, which is~160 K. Since we
cannot discern from our measurements whether our growth
conditions produce hexagorig(0001) or cubid ;(001) ice,
which differ On|y in their b”ayer Stacking sequence, we Sim_of scattered electrons that pass through the TOF tube. Above

ply refer to these films as crystalline. Note that, depending™16 €V, dipolar dissociation also contributes to the baseline.

on the type of watetH,O or D,O) and the rate of heating, A schematic representation of the electronic structure
the temperatures given above may vary by as much as 1¢f water vapor and ice is given in Fig. 2. The ground
K 334244 state of an isolated water molecule is

(1a;)%(2a;)%(1b,)?(3a;)?(1b,)?, where the &, orbital is

essentially the O(9) core level, the 2, and 1b, orbitals are
1. RESULTS AND DISCUSSION primarily involved in O—H bonding, and thea3 and 1b, are
nonbonding lone-pair orbitaf$:*® The two lowest-lying un-
occupied orbitals are thea4 and 2,.%° The strongly anti-

The energy dependence of the BSD yield from BO  bonding 4, orbital mixes with the 3 Rydberg staté’ and

ice, shown in Fig. 1, exhibits several resonances. There afgence is denoted as3la; .
two intervals, 5-14 eV and 18-32 eV, in which the D In many regards, the electronic structure of ice varies
signal rises significantly above the baseline. While the highelittle from that of water vapor. Thel® orbital is apparently
energy feature appears to be a single broad peak, the regioeplaced by the conduction band and the other valence levels
below 15 eV is composed of three separate features. Aare broadened and shifted slightly in enetg§?*®->‘Calcu-
shown in the inset, the signal peaks-a¥ eV, with a pro- lations indicate that tha,; bands exhibit the most dispersion,
nounced shoulder at9 eV and a slightly less intense fea- whereas the HB; and 1b, levels are essentially
ture at~11eV. A sum of three Gaussian peaks and a lin-dispersionless>®® The unoccupied 4, level is in the band
early increasing background fits this data reasonably wellgap and is expected to be localizéekcitonid in nature>*
The baseline gradually increases within the TOF data in  The conduction band is rather narrow, with the band mini-
Fig. 1, which is not observed when using a QMS for detecmum only ~1 eV below the vacuum levé?, and the Fermi
tion. Below ~16 eV, the roughly linear increase in the level is estimated to be roughly 5 eV above the, bband
baseline withE; most likely results from a rise in the number maximum>!

A. Energy dependence of the D ~ yield
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Vapor Solid ~22 and 36 eV but may be somewhat lower for condensed
water because of dielectric screeni#gpriori, ion pair for-
mation could lead to the structure in the™ Dsignal at
~18-32 eV. However, unless the cross sections for ion pair
formation include the effect of resonances, they are expected
to increase monotonically with energy from threshold. It is
therefore highly plausible that negative ion resonances asso-
ciated with a hole in the 2, orbital are responsible for the
22 eV maximum seen in Fig. 1. Kimmel and Orlando re-
cently observed nearly identical structure in theyield re-
sulting from the electron bombardment ob® ice> The
-20 yield of D, in the (J=0, v=0, 2) states increases noticeably
between 18 and 32 eV, but no corresponding change is seen
for the (J=0, v=1) state. This propensity to occupy only
certain vibrational states seems inconsistent with ion pair
-30 » » formation. Instead, the existence of a negative ion resonance
o 2 associated with excitation of thea2 orbital was proposed to
explain these results, with the width of the peak resulting
from satellites associated with decay of the deap alence
level >® The production of D through similar excitations can

FIG. 2. Schematic representation of the electronic structure of water vapoalso explain the higher energy structure observed in the ESD
and ice. The vacuum level and Fermi level are indicated in the figuEg, as yield.
andE;, respectively.

CB

35:431 431

-10 1b1

3&1

3a4

1b, 1b,

Energy (eV)

We attribute the low-energy structure in the [ESD B'_ Tgmperature and morphology dependence of the
yield to three DEA resonances in water. THg;, A, and D™ yield
2B, resonances, which correspond to states having two An ESD excitation must remain localized for a suffi-
3s:4a, electrons and a hole in theb], 3a,, or 1b, orbital,  ciently long time that significant nuclear motion can occur
respectively, have been observed in water vapor, where therior to decay. Therefore, the lifetime of the dissociative
ratio of their cross sections for Hproduction is about transient anion state determines, in large part, theH3D
600:120:1, respectivef#?° The antibonding nature of the vyield from D,O ice. Since DEA involves localization of the
3s:4a, orbital makes these excited states highly dissociativeattached electron, the lifetimes of DEA resonanc¢asd
Observations of simultaneous charge and energy transférence their ESD cross sectigrase expected to be sensitive
from negatively charged excitons in rare-gas films to physto the local potential which, in turn, varies with the film’'s
isorbed HO molecule€®’ indicate that, while much of the morphology and temperature. This effect should be most evi-
Rydberg character of this level may be lost upon condensadent in water films, where short-range interactions between
tion, at least some is retained. The4level also retains neighboring molecules perturb their local electronic struc-
much of its dissociative nature since both 2y and?A;  ture. To investigate this effect we measured the temperature
resonances have been observed previously to generate ma@pendence of the negative-ion ESD yield from crystalline
surable D' ESD yields from condensed water film& The  and amorphous ice films.
energies and intensities of the two lowest-energy peaks in The temperature dependence of the fignal from 20
Fig. 1 are consistent with these earlier ESDbilayers of porous amorphous ice, grown at 27 K, is shown
measurement$? and are therefore assigned as tBg and  in Fig. 3. Both the resonance energies and the ion vyields
2A; DEA resonances, respectively. The third feature, athange with temperature. An analysis of the @nhset energy
~11eV, is only resolvable at very low current densitfes and the energy and intensity of the low-energy resonance
and has not been observed previously in ESD studies. Mairpeak indicates that there is a break in this behavior at around
taining the correspondence between gas-phase ar@D K. The peak intensity increases fivefold between 27 and
condensed-phase results, we assign this feature t6Bhe 60 K, remains roughly constant between 60 and 100 K, then
Feshbach resonance. more than doubles in going from 100 to 140 K. From 27 to
We consider two possible explanations for the broad fea60 K, the onset and peak energies shift down.6 eV,
ture between~18 and 32 eV. Since studies of negative ionwhereas above 60 K the onset and peak energies are essen-
resonances are often limited to electron energies belowally unchanged.
20 eV, there is no report of such a high-energy feature in the Changes in the work function of the ice film account for
H™/D~ yield from water vapor with which to compare. Simi- less than half of the observed energy shifts. Figure 4 shows
lar structure has been observed-ap2—38 eV in the O  the results of LEET measurements carried out on a ten-
DEA vyield from H,O vapor and is attributed to the onset of bilayer H,O film grown at 23 K. The temperatures at which
ion pair formatior?>?> The energies required to generate D the data were collected are indicated in the figure. The LEET
from D,O vapor via ion pair formation are estimated to be spectra clearly shift to lower energy with temperature in a
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FIG. 3. D signal vs incident electron energy, collected at various tempera-
tures from 20-bilayer porous amorphous ice filigsown at 27 K. Indi-
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FIG. 5. The ZER of the low-energy electron transmission spectra in Fig. 4
plotted along with the onset and peak energies of the dissociative electron
attachment data shown in Fig. 3.

quantitative matchnote the different scales on the ordinate
axes, there is good qualitative agreement between them. The
similarity in their temperature dependence suggests that the
changes in the work function and the shift in the DEA reso-
nance energies have a common origin. Although the nature
of the transformation that occurs in ice below 60 K is un-
clear, there is some evidence indicating that vapor-deposited
amorphous ice undergoes a gradual structural transition
when heated from 38 to 68 ¥, which may be responsible
for the changes observed in the LEET and DEA data in that
temperature range.

Figure 6 shows how the energy dependence of the D

vidual scans are offset vertically for display and are labeled with the temSignal changes with temperature for 60 bilayers of porous

perature at which they were collected. The films were heated by simplyamorphous and crystalline,D ice. The films used to gen-
turning off the cryocooler and allowing the films to warm up.

erate Fig. 6 were grown at 90 (orous amorphoysor 155
K (crystalling, then heated or cooled to the temperature

manner similar to the DEA resonances. For a more direc?'ven in the figure for data collection. At sufficiently low

comparison, a plot of the ZER versus temperature is given i
Fig. 5, along with the peak and onset energies for ESD

emperatures the overall Dsignal is reduced and th&,,
IaAl, and?B, intensities are roughly comparable. The DEA

from Fig. 3. Although the energy shifts do not have an eXac{esonances shift to lower energy as the temperature of the

Transmitted Current (arb.)

10 bilayers H,O

//Q

105K
80 K
60 K
50 K
40K
30K
23K

01 2 3 4 5 6 7
Energy (eV)

8

9

10

11

ilm is increased, however, and the ESD vyield rises signifi-
cantly. This effect is greatest for t&; resonance. In addi-
tion, the temperatures at which these changes occur and the
magnitude of the changes are sensitive to the morphology of
the film, as can be seen from a comparison of Figa) &nd
6(b).

It is reasonable to expect the energies and cross sections
for exciting DEA resonances in ice to change with the tem-
perature and morphology of the film. Thes:da, orbital,
which is doubly occupied in the three low-energy DEA reso-
nances, is clearly affected by condensation. Rosengieat)
showed that the K-shell excitations of isolated water mol-
ecules are severely perturbed and broadened in bulk ice due
to interactions between hydrogen atoms on nearby water
molecules, and that excitations to the:8a, Rydberg or-
bital apparently only survive in the surface molecules, due to
their reduced coordinatici. It is the diffuse nature of the

FIG. 4. Low-energy electron transmission spectra collected from a 103s:4a, orbital, which results in significant overlap with

bilayer H,O ice film grown at 23 K. Individual scans are labeled with their
collection temperature and are offset vertically for display. The films were
heated by simply turning off the cryocooler and allowing the films to warm

up.

neighboring molecules, that leads to its perturbation. Calcu-
lations by Goddard and Hunt of tH@?) expectation value
for the electron density of the singlet parent sta®94 A?
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thickness and morphology of the filth>25If the widths

(a) Porous and energies of the levels involved in the DEA resonances
change, the DEA resonance energies and lifetimes, and
hence the ESD yield, will also change.
140K Since ice is an insulator, electrostatic charging of the
130 K films is a concern as charging could change the apparent

energy of the resonances, as well as their ESD vyields. How-
120K ever, the experiments presented in this article were per-

ﬂ 110K formed under essentially charge-free conditions. Under such

\/’ 100 K conditions, experiments carried out in the two labs using

= M// incident current densities that vary by nearly two orders of
8 ——— T T —— 90K magnitude yield similar results. Also, since the buildup of
2 e ; charge in the film acts differently on oppositely charged ions,
'>; (b) Crystalline the similarity between the temperature dependence of the D
o and D ESD yields from DO ice (shown in the following
section reflects, among other things, the film charge neutral-
140K ity. More details regarding charge trapping in ice films will
be presented in a forthcoming publicati¥h.
130 K

\/\_\1f/- 120 K o )

M oK C. Similarity in the D * and D~ ESD vyields

M/v\__/ 100 K The temperature dependence of Bnd D° ESD vyield

00K from ice show some interesting parallels. Thé Relocity
N distributions, which are at least bimodal, can be separated
—— into “fast” and “slow” components®® The thickness, mor-

phology, and temperature dependence of the “slow® D
yield, which arises from (&) %(1b,) (4a;)*! or
(3a;) ?(4a;) ! excitations, are nearly identical to those ob-
FIG. 6. (a) D signal vs incident electron energy, collected at various tem-served for £B;) D~ ESD®® Their similarity is illustrated in
peratures from 60-bilayer porous amorphous ice filgown at 90 K. Fig. 7, which shows the temperature dependence of the D

(b) D™ signal vs incident electron energy, collected at various temperature “« "o+ ; _hi
from 60-bilayer crystalline ice filmggrown at 155 K. Individual scans are and “slow” D ESD yields, each collected from 40-bilayer

offset vertically for display and labeled with the temperature at which they@MOrphous and crystalline ice ﬁlm_s- Also shown in the figure
were collected. The films were heated radiantly. are DO TPD spectra, for comparison. Note that the crystal-

lization temperature for the amorphous film can be deter-

mined from the TPD data by observing the point at which the
for 'B; and 7.03 & for 'A;) indicate that the gas-phase D,O thermal desorption rate dip@t ~155 K), which is
radius of the 3:4a, orbital is comparable to the nearest- caused by a reduction of the vapor pressure ¢ ipon
neighbor separation in ic€.8 A).*” Rowntreeet al. sug-  crystallization?®*23Although the cations and anions origi-
gested that a reduction in thes Rydberg contribution to the nate from different electronic excitatioi@hle for D* and
4a, antibonding orbital, arising from this nearest-neighborlh2e for D7), their yields have a nearly identical tempera-
overlap, can explain the shifting and broadening of DEAture dependence. This resemblance suggests that the changes
resonances seen in condensed wafeir assertion is sup- in the cation and anion yields with film thickness, tempera-
ported by calculations of Wintest al, which show that the ture, and morphology have a common origin.
inclusion of 3 Rydberg orbitals in the Cl basis set reduces  Sieger, Simpson, and Orlando attribute the rise in the D
the calculated energy of the gas-ph&Bg and*A, states by ESD yield with temperature to a thermally activated reduc-
1.33 and 4.96 eV, respectivéi§. Thus, condensation- tion in surface hydrogen bonding which increases the life-
induced perturbations of thes34a, orbital are probably re- times of the excited states responsible for ion desorption,
sponsible for the difference between the DEA resonance erespecially those excited states that involve ghebands of
ergies of water vapor and ice, and we suggest that they alsoe®® Since the excitations that lead to and low-energy
contribute to the energy shifts observed as the temperatu@” desorption both involve occupation of thead level,
and morphology of the condensed films are varied. which is strongly influenced by nearest-neighbor interac-

The energy shifts may also result, in part, fromtions, it is likely that thermally induced changes in the life-

condensation-induced changes in thie; 1 3a;, and b, time and energy of thed} level are primarily responsible
bands, since these levels are involved in the three low-enerdipr the temperature dependence of thé Bnd D ESD
resonances. Valence-band photoemission studies of thin iggelds. Moreover, since the increase in the ESD yield with
films show that the binding energies and widths of the threéemperature occurs at the point where the generation and
highest occupied molecular orbitals of water are affected byransfer of defects becomes feasifflé®®”we suggest that
condensation and, to a certain degree, by the temperaturthe enhanced lifetimes at elevated temperatures result from a

LI
4 5 6 7 8 9 10 11 12 13 14 15 16 17

Electron Energy (eV)
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, -— quired to mobilizepre-existingdefects is somewhat lowé?.
(a) Non-porous amorphous In_ a typical ice film Fhere are a large number of pre—e_xisting

(grown at 110 K) Bjerrum L defects(i.e., missing hydrogen bongswhich
form as the film is growR? In fact, the volume density of
these defects can be as high asl0'® cm 3 near the
surface’! yielding an area density of 1®-10cm™2
0 (roughly one defect for every $010° surface moleculgs
These L defects, whose formation and transport is expected
to weaken the hydrogen bonding network, become mobile at
temperatures as low as-100 K for amorphous ice and
~130 K for crystalline icd? "3 At sufficiently high tempera-
tures, amorphous ice crystallizes. Crystallization has been
reported to occur at temperatures ranging from 145 to
172 K 342447depending on the heating rate used. The crys-
tallization of amorphous ice is, in fact, a kinetically limited
process whose activation energy has been determined to be
67 kJ/mol*?

The intensity of the D ESD signal arising from the
excitation of the’B; DEA resonance at7 eV changes dra-
matically with temperature, and its temperature dependence
varies with the morphology of the film. The thermally in-
duced changes in théB;) ESD vyield seem to correspond
with known phase transitions in ice. A comparison of the
(°B;) D~ temperature dependence for 60-bilayer films of
, , porous(open circley and nonporous amorphous i¢iled

70 90 110 130 150 170 190 circles is shown in Fig. 81). Between 110 and 130 K the

Temperature (K) D~ signal from the porous film is greater than that from the
nonporous film. This result is highly reproducible. Since the
FIG. 7. () D™ signal vs temperaturé0—190 K, at 8 K/min collected ~ Micropores are the only significant difference between the
with E;=7.2 eV from a 40-bilayer nonporous amorphous ice filo). D~ two ice polymorphs, the dissimilarity in their ESD yield in
signal vs temperaturé90-190 K, at 8 K/min collected WithE;=7.2eV  thjs temperature range likely results from the presence of the
from a 40-bilayer crystalline ice film. Plotted along with thé Bignal is the . _ .
low-energy D signal collected from identical films witl; =50 eV (see pores. Figure 8)) ShOW_S what happe_ns t_o thal) D™ sig- .
Ref. 65. Also shown are the corresponding@thermal desorption spectra, Nal from a 60-bilayer film of porous ice if its temperature is
for comparison. The zeroes for the Tand D data are indicated in the ramped to 130 Kopen circles and then brought back down
figure. to 90 K before heating it up to 190 Killed circles. Anneal-
ing the film to ~130 K, which is expected to collapse the
pores, causes an irreversible change in the temperature de-
endence of the Dyield so that it mimics the behavior seen
the nonporous film grown at 110 K. This indicates that the
ESD vyield is sensitive to the presence of the pores and, in
fact, may be useful in monitoring pore collapse.

Figure 9a) shows a comparison of thég;) D~ tem-
perature dependence for 60-bilayer films of honporous amor-
A number of structural changes occur in ice as the temphous(open circlegand crystalline icéfilled circles. There

perature is raised. The density of ice generally decreases with a clear difference in their ion yields betweenl25 and
increasing temperatuf&, with one apparent exception. As 160 K. The D signal from the amorphous film rises signifi-
porous amorphous ice is heated+dl20 K it undergoes a cantly above that from the crystalline film at125 K, then
structural transition in which the pores collapse and the dendrops back down at 155-160 K. The Dyield from the

sity actuallyincreasesfrom 0.6 to 0.9 g/lcri®*~*3Ice also  crystalline film increases with temperature, with an onset at
goes through a reversible “glass transition,” whose tempera~ 135 K. This increase is reversible, in the sense that heating
ture (T4) has been reported to be anywhere from 124 to 137he ice causes the signal to rise monotonically whereas cool-
K for amorphous ic&°® and ~140 K for cubic crystalline ing it down causes the signal to drop. This can be repeated
ice®” Below Tq4. inherent disorder in the proton sublattice is several times with essentially the same results if the tempera-
frozen in whereas, abovg,, enhanced proton mobility en- ture is kept below the onset for appreciable thermal desorp-
ables configurational rearrangement of the hydrogen networtion. The increase in Dsignal from the amorphous film also
through molecular reorientation, accompanied by the formaappears to be reversible as long as the film remains amor-
tion and transfer of Bjerrum defects. The energy needed tphous. These reversible increases in the ion yield; H25 K
form Bjerrum defects is~300 meV®® while the energy re- for amorphous ice and at 135 K for crystalline ice, do not

D*(50 eV)

D(7.2 eV

D0 TPD

(b) crystaliine
(grown at 155 K)

—o— ESD lon Yield (arb.)
D»O TPD Yield (arb.)

weakening of the hydrogen bonding network, which reduce
the effective overlap between adjacent molecules, thereb)
increasing the lifetime of an excitation localized on a particu-
lar molecule.

D. Reversible and irreversible phase transitions
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(@) (a)

porous amorphous ice

non-porous amorphous ice
(grown at 90 K)

(grown at 110 K)

= = crystalline ice
& non-porous amorphous ice _0 S (grown at 155 K) 0
g (grown at 110 K) et
@ o
s | @ : | @
porous amorphous ice non-porous amorphous ice
(grown at 90 K) (grown at 110 K)
(1) 90 K-> 130K
/ (2)90K —» 190K
(2) 90 K —» 190 K 0 (190K — 155K 0
T T T T T T T T T T M T T T T T T T T T T T T T
70 90 110 130 150 170 190 70 90 110 130 150 170 190
Temperature (K) Temperature (K)

FIG. 8. (8) D™ signal vs temperaturé0— 190 K, at 8 K/min, collected ~ FIG. 9. (8) D™ signal vs temperaturé90—190 K, at 8 K/min, collected

with E;=7.2 eV from 60-bilayer porous and nonporous amorphous iceWith E;=7.2 eV from 60-bilayer nonporous amorphous and crystalline ice
films. (b) D~ signal vs temperature (96130—90— 190 K), collected from  films. (b) D™ signal vs temperature (99155 90— 190 K), collected from

a 60-bilayer porous amorphous ice film, using the same incident electrod 60-bilayer nonporous amorphous ice film, using the same incident electron
energy. For clarity, the first part of the temperature ramp—4a30K) is  energy. For clarity, the first part of the temperature ramp—+385 K) is
shown as open circles and the final part {9090 K) is shown as filled ~ shown as open circles and the final part {9090 K) is shown as filled
circles. The zeroes for the Ddata are indicated in the figure. circles. The zeroes for the Ddata are indicated in the figure.

correlate with any known structural transitions in ice, but .
. . : .. Hence, any changes in the surface structure brought about by
they are consistent with the aforementioned glass transitions ) .
decrease in the degree of hydrogen bonding near the sur-

in ice. Since the glass transitions are rejversmile and oceur arElce should have a strong effect on the ESD vyield. A recent
roughly the same temperatures at which the feld in- . -

o . g . set of studies have shown that at sufficiently low tempera-
creases, it is likely that the rise in the Bsignal with tem- . .

. o tures the surface of ice has a large number of molecules in 3-
perature is related to the changes that occur in ice when the . . . i

. . and 4-coordinate geometries, with fewer dangling O—H
proton sublattice becomes mobile. bonds than an ideally terminated surfd¢e’® The increased
Figure 9b) shows how the{B,;) D™ signal changes if a y '

porous amorphous film is heated to 155dpen circlesand

coordination is apparently due to surface molecules that twist
then cooled back down to 90 K before ramping the tempera:

away from their ideal bulk-terminated positions to form ad-
ture to 190 K(filled circles. This preannealing cycle is ex- ditional h_yd_rogen bonds W'th. molecules in th? bulk. Al-
) ) : . though this increases the strain at the surface, it reduces the
pected to crystallize the amorphous film. An irreversible

change in the temperature dependence of the yield is o overall surface free energy. One might expect that a weak-

; _ ening of the hydrogen bonding network near the surface
served, as a result of the annealing, and thet@mperature N, .
) would enable this highly strained surface to relax toward a
dependence from the annealed film resembles that from Bulklike termination having more 2- and 3-coordinate mol-
crystalline film grown at 155 K. Hence, the ESD yield is also 9

sensitive to the crystallinity of the film, and could possibly ecules. In a study of H desor_pt|on ffom HO, Rosenberg_
. . et al. noted that there are basically six types of surface sites
be used to monitor crystallization.

on ice and suggested that the configurations having one or
both O—H bonds pointing away from the surface generally
have higher ESD cross sections than those whose O-H
The ESD yield derives almost entirely from the mol- bonds point toward other water molecules in the fifnThis
ecules comprising the outermost few layers of the surfacamplies that a surface terminated with many 3- and 4-

E. Thermally induced changes in surface structure
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corresponding to structural phase transitions in bulk iceizc- E. Melton and G. A. Neece, J. Chem. Ph§5, 4665(1971).
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ions from D,O ice. The general increase in"@nd D yields  25g g wmuschiitz. Jr., J. Ap@_'phygg’lglm({gg?)_ ’ '
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