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Initial water deposition on the moderately reactive precious metal surface 
Ru(0001) has been thought to produce an ice-like bilayer. However, calculations 
from first principles show that the wetting layer observed on Ru(0001) cannot 
be formed of undissociated water molecules. An energetically favorable alter- 
native, consistent with the remarkable observation that the wetting layer's 
oxygen atoms are nearly coplanar, is a half-dissociated monolayer wherein 
water molecules and hydroxyl fragments are hydrogen-bonded in a hexagonal 
structure and hydrogen atoms bind directly to the metal. 

Though water adsorption on single-crystal 
precious metal surfaces has been the focus of 
many investigations, experiment and theory 
have yet to produce a consistent picture of the 
water-metal interface. Here I present the re- 
sults ofab initio calculations based on density 
functional theory (DFT) in the generalized 
gradient approximation (GGA) (1, 2), which 
show that a half-dissociated first water layer 
is energetically favored on Ru(0001). This 
explains two key experimental observations: 
that a wetting layer forms at all and that it is 
not an ice-like, "puckered hexagonal" array 
of water molecules. 

Before the low-energy electron diffraction 
(LEED) structural analysis by Held and Men- 
zel (3), experiment appeared consistent with 
the notion that the HO20 molecules first de- 
posited on Ru(0001) arrange in a bilayer like 
those that stack to form ice-Ih, the naturally 
occurring ice crystal (4). In this structure (see 
Fig. 1A), O atoms lie in two planes separated 
by 0.96 A. Both H atoms belonging to the 
lower-lying O atoms form H bonds to neigh- 
boring HO20 molecules, and the higher-lying 
H20 molecules have one OH bond oriented 
along the surface normal and contribute one 
H atom to the H bonding network. Neither 
Held and Menzel's LEED analysis (3), how- 
ever, nor the theoretical results presented here 
supports this model. 

Detailed structural analysis of water on 
Ru(0001) is more straightforward when D20 
is adsorbed (3, 5, 6). Subtle bond length 
changes result in rather complicated long- 
range periodicity for HO20 (5-7), whereas the 
superlattice formed by DO20 is simply 
V3 x3 (3). Therefore, Held and Menzel 
focused on a DO20 adlayer, and, because 
LEED is barely sensitive to D-atom posi- 
tions, they restricted their analysis to locating 
the adlayer O and surface Ru atoms. Though 
the structure yielding the best fit to their 
current versus voltage (I-V) curves resembles 
an ice-like bilayer in a top view, Held and 
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Menzel found that the O atoms in the antic- 
ipated bilayer are almost coplanar, separated 
in height by only 0.10 ? 0.02 A (3). 

The ab initio study presented here ex- 
plains this result, but only after the thesis is 
discarded that the low-energy adsorption ge- 
ometry responsible for Held and Menzel's 
LEED data is an arrangement of undissoci- 
ated water molecules. Such arrangements do 
not optimize with nearly coplanar O atoms 
and their theoretical heats of adsorption 
(Eads) lie 0.15 to 0.20 eV below the heat of 
sublimation of ice-Ih (Esub). Thus, ab initio 

arrangements of undissociated water mole- 
cules do not agree with the best fit LEED 
structure, nor is there a thermodynamic rea- 
son to expect one to form in preference to a 
three-dimensional ice cluster. 

These conclusions suggest working back- 
ward from the conjecture that their near co- 
planarity means all O atoms are bound to the 
surface through similar mechanisms. In the 
puckered hexagonal geometry, the lower-ly- 
ing O atoms bind to the Ru atoms immedi- 
ately below them through hybridization of 
their pz orbitals with the Ru valence states (8) 
(where the z axis is along the surface normal). 
The upper O atoms do not bind to the metal at 
all, but only H bond to neighboring DO20 
molecules (4). 

What might move an upper O atom closer 
to the surface and, thus, explain Held and 
Menzel's LEED I-V analysis? An obvious 
answer is removing its non-H bonding D 
atom. With this atom absent, the 0(2pz) is a 
high-energy orbital, unless the O moves clos- 
er to the substrate where it can hybridize with 
Ru wave functions. 

The removed D atoms might then associ- 
ate and desorb as D2. However, because D2 
adsorbs dissociatively on Ru, D atoms re- 
moved from the higher-lying waters will 
more likely remain on the surface, perhaps in 
the centers of the DO20-OD hexagons (Fig. 2) 
or alternately on patches of DO20-free surface. 
Ab initio calculations confirm that this is a 
sensible idea. 

Theoretical adsorption geometries dis- 

cussed in this report were optimized using the 
Vienna ab initio Simulation Package (VASP) 
(9-12), a DFT-based total-energy code, and 
the Perdew-Wang 1991 (PW '91) GGA (1, 
2). Plane-wave calculations involving Ru, H, 
or D and particularly O atoms typically re- 
quire large basis sets. This requirement is 
mitigated in VASP by the use of ultrasoft 
pseudopotentials (USPs) (13-16) or, for 
greater accuracy, the projector augmented 
wave (PAW) (17, 18), all-electron descrip- 
tion of the electron-ion-core interaction (19). 
Zero-point energy was not included in the 
calculations, an approximation justified by 
the LEED observation that DO20 and HO20 
adlayers have similar local geometries (20). 
Semi-infinite Ru(0001) was modeled by a 
slab five layers thick. The Ru atoms of the 
lower three slab layers were fixed at ab initio 
bulk Ru relative positions (a = 2.72 A, c = 
4.30 A), and the remaining atoms relaxed to 
sites where forces on them are <0.03 eV/A. 
Further calculational details are given in (21). 

Because Held and Menzel observed a 
sharp X3 x/3 LEED pattern for D20/ 
Ru(0001), I performed initial calculations for 
this periodicity. However, taking /3 X/3 
periodicity literally imposes an ordering of 
the D atoms in the adlayer inconsistent with 
the idea that H bond orientations in ice are 

Fig. 1. Optimized bilayer geometries for D2O/ 
Ru(0001). Dotted parallelograms denote the 
/3 X V3 surface unit cell. Lower panels show 
top views. Side views in the upper panels make 
clear that the O atoms in the bilayers are not 
coplanar. (A) A D-up bilayer, wherein the 
non-H bonding D atoms are above their O 
atoms. (B) A D-down bilayer, in which the D 
atoms not H bonded to neighboring D2O mol- 
ecules lie between their O atoms and the 
metal. 
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random (Fig. 1, A and B). Therefore, I also 
calculated adsorption geometries in 3 X 3V3 
(equivalent to two primitive 3 x 3) super- 
cells, as in Fig. 2. To the extent that LEED 
only detects O atom positions, sharp LEED 
intensity maxima from such lower-symmetry 
adsorption geometries may still appear at 
/3 XX3 angular positions. 

Because Held and Menzel's overlayer is 
manifestly two dimensional (2D), only ad- 
sorption structures with free energies exceed- 
ing ESub for D20O ice need be considered. 
Applying this criterion requires a reliable cal- 
culation of ESub. Hamann has shown that a 
GGA calculation of ESub for ice (0.66 eV) is 
in reasonable agreement with experiment 
(lattice energy = 0.61 eV) (22-24). 

In Table 1, I compare VASP calculations 
of the ice-sublimation energy to Hamann's. 
The result, when USPs are used for both D 
and 0, is 0.72 eV. Replacing the O USP with 
a PAW description of the electron-core inter- 
action improves the VASP result to 0.70 eV. 
Lastly, using PAW potentials for both D and 
O and raising the plane wave cutoff to 51.5 
Ry, I obtain 0.67 eV for ESub, in excellent 
agreement with Hamann's number. Thus, 
there is a protocol for arriving at converged 
VASP values of ice condensation energies. 
However, results presented here show that 
this protocol is computationally costlier than 
needed to compare condensed D20O phases. 

Table 1. Volume and sublimation energy per D2O 
molecule of Hamann's 12-molecule per cell model 
of ice-lh, calculated using various electron-core 
potentials, basis sets and plane-wave (PW) basis 
cutoffs. Zero-point energy is not included in the 
calculations. Asterisk indicates results of D. R. 
Hamann (22). 

PW e-core Vol. (A3) Esub 

cutoff potential per D20O (ice-lh) 

29.1 Ry USP 29.793 0.72 eV 
29.4 Ry O-PAW 29.901 0.70 eV 
51.5 Ry PAW 30.361 0.67 eV 
130 Ry NCPP 32.05* 0.66 eV* 

Table 2. Heat of adsorption (Eads) per D2O and 
0-0 spacing projected on the surface normal (Az) 
for optimized D2O bilayers on Ru(0001) with the 
specified numbers of up or down D atoms in the 
unit cell. Az is never as small as 0.5 A. For all the 
geometries considered, values of Eads are -0.2 eV 
smaller than the ice-lh sublimation energies of 
Table 1. 

Unit cell e-core D,20/D- D- 
potential cell up down Eads 

3 x / USP 2 1 0 0.52eV 0.72A 
3 x / USP 2 0 1 0.53eV 0.52A 

/3XV/3 PAW 2 1 0 0.49eV0.72A 
3 x V3 PAW 2 0 1 0.50eV0.51A 
X/ 3 x USP 12 3 0 0.52eV 0.90A 
/3 xV'3 USP 12 0 3 0.55eV 0.63A 

Apparently, error cancellation reduces the de- 
mands on the basis. 

Calculated energies for undissociated 
D20/Ru(000l) structures are summarized in 
Table 2. I consider two \V XX3 molecular 
arrangements, one in which the non-H bond- 
ing D-atoms point into the vacuum (D-up), as 
in Fig. 1A, and the other where they lie 
between their O atom and the Ru substrate 
(D-down), as in Fig. lB. Neither structure is 
strongly preferred to the other, and in both 
cases the D20O molecules are nearly 0.2 eV 
less tightly bound than they would be in 
ice-Ih. 

Beyond V3 XX3 structures, whose D20O 
arrangements are necessarily maximally or- 
dered, I also considered 3 X /3 molecular 
geometries, in which all orientations of H 
bonds occur (see, e.g., Fig. 3). Among them, 
in principle, are structures with both D-up 
and D-down molecules in the unit cell. How- 
ever, because the O atoms of D-up and D- 
down waters prefer heights above the metal 
differing by 0.2 to 0.3 A, the O sublattices for 
these structures are not /3 X V, and can- 
not account for Held and Menzel's sharp 
/3 x/3 diffraction pattern (3). Therefore, I 

Fig. 2. Optimized half-dissociated D20/ 
Ru(0001) adsorption geometry. (A) Side view, 
showing that the 0 atoms are close to copla- 
nar. (B) Top view, showing D atoms removed 
from every other DO0 atop Ru atoms in the 
centers of hexagons of 0 atoms. The dotted 
rectangle indicates the formal 3 x 3V3 unit 
cell. The structure shown will produce a 
/3 xV3-like LEED pattern, however, because 

scattering by D atoms is weak. 

dropped them from further consideration. 
Among the geometries in which all the 

water molecules are D-up or all are D-down 
(Table 2), the heats of adsorption are once 
again -0.2 eV less than the ES,b computed 
for ice-Ih (25). Moreover, the optimized, un- 
dissociated D2O/Ru(0001) structures really 
are bilayers, with 0 atoms not almost copla- 
nar as the LEED analysis demands (3), but 
instead with the 0-0 spacing projected on the 
surface normal universally >0.5 A. 

The energetics and adsorption geometries 
of half-dissociated D2O/Ru(0001) structures 
are in much better agreement with experi- 
ment (Table 3). In the structures designated 
"atop-D+OD+D20O" (Fig. 2), every other 
D2O has given up a D atom, producing a H 
bonded hexagonal arrangement of D20O mol- 
ecules and OD fragments. The dissociated D 
atoms are bound atop surface-layer Ru atoms 
in the centers of the D20-OD hexagons. 

The adsorption energies of these struc- 
tures are within a couple of tens of meV of 
ESub, and, thus, they can coexist on the sur- 
face with three-dimensional (3D) ice-clus- 
ters. In rather good agreement with LEED 
(3), their nearly co-planar 0 atoms lie 2.09 

Fig. 3. An optimized 3 x 3V3-D20/Ru(0001) 
geometry with three D-up molecules in each 
unit cell. Dotted rectangle denotes the surface 
unit cell. (A) Side view showing that the 0 
atoms in the bilayers are not coplanar, just as in 
the /3 xV3 cases of Fig. 1, A and B. (B) Top 
view. 
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and 2.16 A above the Ru atoms to which they 
are bonded (experiment = 2.08 and 2.23 A). 
The outer Ru layer is calculated to be slightly 
rumpled, with departures from planarity in 
the neighborhood of 0.14 A (experiment = 
0.07 A). 

I also optimized OD+D20O structures with 
the dissociated D atoms at other sites. Moving 
the atop-bound D to a subsurface octahedral 
site, for example, turns out endothermic by 
-0.3 eV (see the row labeled "oct- 
D+OD+D20O" in Table 3), which would make 
the half-dissociated structure unstable relative 
to ice by almost that amount (26). The possi- 
bility that dissociated D atoms combine to form 
D2 and evolve into the vacuum chamber also 
turns out energetically unfavorable, -0.06 eV 
more costly than forming a 3D ice cluster with 
no dissociation. 

The one alternative substantially lower in 
energy than growing 3D ice is that the disso- 
ciated D atoms move to otherwise bare patch- 
es of the Ru surface. To estimate Eads in this 
case, I evaluated the gain from moving the 
atop D atom of the \V XVX atop- 
D+OD+D20O structure to a bare Ru(0001) 
surface again in a 3 X /3, 1/3 monolayer 
structure. The result, designated "D/ 
Ru+(OD+D20)/Ru" is that Eads increases to 
0.24 eV per D20O greater than Esub. Thus, if it 
is kinetically possible, a submonolayer of 
D2O on Ru(0001) will form patches of a 
OD+D20O hexagonal overlayer (see Fig. 2), 
but with the atop D atoms removed, and 
patches of D-covered Ru(0001). The copla- 
narity of the OD+D2O structure is essentially 
unaffected by removing the dissociated D 
atoms to another region of the surface (Table 
3). Thus, LEED I-V curves are insensitive to 
this removal. 

To this point, I have focused on the only 
direct structural measurement of water on 
Ru(0001), the LEED study of (3). However, 
numerous other experiments bear indirectly 
on the water adlayer's structure, and so I now 
ask if the half-dissociated model consistent 
with LEED is also consistent with them. Re- 
call in this regard that the \V xV3 D20O 
structure on Ru(0001) requires delicate prep- 
aration and is easily damaged (3). Thus, not 
all the studies in the literature of water on 
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Ru(0001) provide information on the periodic 
adlayer. 

For example, Held and Menzel (6) and 
Lilach et al. (27) report 1.3 to 1.4 eV work- 
function changes on depositing a bilayer's 
worth of H2O or D20O on Ru(0001). I com- 
puted 0.3 eV for the half-dissociated structure 
shown in Fig. 2. However, given that a work 
function is a surface average quantity, addi- 
tional information is needed to decide wheth- 
er this is an important contradiction. In par- 
ticular, one needs to know how much of the 
experimental surfaces were covered by 3D 
ice clusters or other defects, as against a 
\/3 xV periodic adlayer. 

In apparent support of the half-dissociated 
overlayer, Pirug, Ritke, and Bonzel's x-ray 
photoemission spectroscopy (XPS) study of 
H2O/Ru(0001) "revealed a state at 531.3 eV 
binding energy which is close to [that] of 
adsorbed hydroxyl groups" (28). However, 
Pirug, Ritke, and Bonzel dismissed the idea 
that OH was present on the metal, stating that 
there were no OH-related peaks in their ul- 
traviolet photemission spectroscopy (UPS) 
data. This remark merits another look. UPS 
lTrr and 3cr features from OH may be hard to 
distinguish from H2O's lb1 and 3a1 peaks, as 
has been shown, e.g., by Kurtz et al. (29) for 
H2O/TiO2. 

Vibration spectroscopy may reveal if dis- 
sociative water adsorption occurs. For in- 
stance, the H2O/Ru(0001) electron energy- 
loss spectroscopy (EELS) experiment of 
Thiel et al. (30) might have shown the pres- 
ence of adsorbed H via a symmetric H-Ru 
stretch feature at 138 meV (31, 32). The 
reason it did not may be that this feature is 
hard to resolve adjacent to the strong, broad 
(and unidentified) O-H peak seen at 111 
meV. According to Nakamura and Ito (33), 
infrared spectra imply D20O dissociation on 
Ru(0001) at 170 K. However, they did not 
report seeing a D-Ru stretch mode, but only a 
feature characteristic of adsorbed OD. 

Doering and Madey remark that tempera- 
ture programmed desorption (TPD) of H20O 
from Ru(0001) leaves a few percent of an O 
monolayer on the surface (4). Therefore, de- 
composition took place at some point in their 
measurement. However, a consistent analysis 

Table 3. Values of Eads, Eads-Esub, and O-plane spacings (Az) for half-dissociated DO2 layers on Ru(0001). 
The 0 layers are almost coplanar. The heats of adsorption here are close to ice-lh sublimation energies 
of Table 1 if the dissociated D atoms remain atop the surface within the hexagonal structure. If they 
displace to otherwise bare regions of the Ru(0001) surface, then half-dissociation is energetically 
preferred by almost 1/4 eV per molecule to formation of a 3D ice cluster. 

Unit cell Description oe Ea E -Eo Ar 
potential s ads sub 

/3 x V atop-D+OD+D2O USP 0.71 eV -0.01 eV 0.05 A 
V3 x atop-D+OD+D20O PAW 0.66eV -0.01 eV 0.06 A 
3 X 3V3 atop-D+OD+D20O USP 0.74eV +0.02 eV 0.05 A 
V\3x XV3 D/Ru+(OD+D20)/Ru USP 0.96 eV +0.24 eV 0.06A 

3 x V3 oct-D+OD+D2O USP 0.44eV -0.28eV 0.04A 

of TPD spectra from H20/Ru(0001) has not 
been achieved (8). 

Lastly, one must ask if a half-dissociated 
structure is consistent with the H+ emission 
Doering and Madey saw along the surface 
normal in electron-stimulated desorption ion 
angle distributions (ESDIAD) from a frac- 
tional monolayer of H20/Ru(000l) (4). The 
arguments that it is not are that H+ ions 
should not desorb at all from OH bonds 
oriented parallel to the surface (34) and that 
the ESD cross section for H+ from clean 
Ru(0001) is very low (35, 36). However, 
Doering and Madey note that a periodic array 
of H-up water molecules, as in Fig. 1A or Fig. 
3, is also inconsistent with experiment. The 
problem is that ESD of H+ from H-up mol- 
ecules should be probable enough that de- 
sorption from such an array should be much 
stronger along the normal than was actually 
observed (4). Doering and Madey, therefore, 
surmised that the source of their normal emis- 
sion was a dislocation structure containing 
few such molecules (37). At higher coverag- 
es, where they found ESD along the normal 
to be stronger, Doering and Madey also re- 
ported initial growth of water multilayers, 
which could have been the source of that 
effect. 

Thus, desorptive, spectroscopic, and other 
measurements have not yet provided defini- 
tive evidence for or against a half- 
dissociated \3 x\V-D20/Ru(0001) adlayer. 
However, GGA calculations show that a 
D/Ru+(OD+D20)/Ru structure accounts for 
the LEED observation (3) of a 2D wetting layer 
with almost coplanar oxygens, whereas no ar- 
rangement of undissociated D20 molecules 
does. 
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Electroluminescence from a single quantum dot within the intrinsic region of 
a p-i-n junction is shown to act as an electrically driven single-photon source. 
At low injection currents, the dot electroluminescence spectrum reveals a single 
sharp line due to exciton recombination, while another line due to the biexciton 
emerges at higher currents. The second-order correlation function of the diode 
displays anti-bunching under a continuous drive current. Single-photon emis- 
sion is stimulated by subnanosecond voltage pulses. These results suggest that 
semiconductor technology can be used to mass-produce a single-photon source 
for applications in quantum information technology. 
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The emerging field of quantum information 
technology requires the development of a 
new type of light source, in which the photon 
number can be carefully controlled. Especial- 
ly useful is an emitter of single photons at 
predetermined times. However, it is impossi- 
ble to generate single photons with even very 
faint laser pulses, for which the photon num- 
ber obeys Poissonian statistics. It has been 
shown that the unavoidable multiphoton puls- 
es produced by a laser render quantum cryp- 
tography insecure from certain types of 
eavesdropping attack (1). Thus, uncondition- 
ally secure quantum cryptography, in addi- 
tion to other applications in photonic quan- 
tum computing (2) and communications, re- 
quires the development of a true single-pho- 
ton source. The generation of light with sub- 
Poissonian fluctuations in the photon number 
is also useful for performing optical measure- 
ments at lower noise levels than is possible 
with classical light. We report here the real- 
ization of an electrically driven source of 
single photons based on integrating quantum 
dots into a conventional semiconductor light- 
emitting diode structure. 
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Single photons can be generated through 
laser excitation and subsequent fluorescence 
of a single quantized system, such as an atom 
or an ion (3). Recently, this concept has been 
extended to several other quantum systems, 
such as single dye molecules (4-8), single 
quantum dots (9-13), and single nitrogen va- 
cancy centers in diamond (14, 15). In each of 
these experiments or proposals, the emission 
was stimulated by optical excitation with an 
incident laser. However, from the viewpoint 
of practical application, one would prefer an 
electrically driven photon source. Early pro- 
posals for constructing an electrical single- 
photon source suggested using the Coulomb 
blockade effect to inject single electrons and 
holes into an etched double-barrier meso- 
scopic heterojunction (16). However, exper- 
imental studies on such a structure required 
operation at milli-kelvin temperatures, 
whereas the collected photon rate was too 
weak to allow the second-order correlation 
function to be verified (17). It was also the- 
oretically proposed that a single quantum dot 
could be used, not just for emission of single 
photons but also for generation of entangled 
pairs of photons (18). Another proposal was 
based on injecting single electrons, confined 
within the moving potential wells defined by 
a surface acoustic wave and a split gate, into 
a p-type region (19). 

We study the photo- and electrolumines- 
cence of a p-i-n diode containing a layer of 
InAs self-organized quantum dots in the in- 
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