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e > 0. Their value g = 0.055… for the critical ex-
ponent is extremely small, explaining why finite-
sized simulations seem to suggest a discontinuity.
Our argument gives (for any rule) a rigorous upper
bound on r(tc + e) that tends to 0 as e → 0, but
only in a (doubly) logarithmic fashion.

Given the track record of simulations for these
models, a very interesting open question is whether
these power-law predictions can be established
rigorously, and for which rules. Here the powder-
keg viewpoint may help. The simulation results
in Fig. 2 (for PR) show that initially a powder keg
does develop, but as the transition is approached
from below, it spreads out and flattens. A precise
analysis of this spreading may perhaps lead to a
rigorous understanding of the details of the phase
transition.

Mathematically, further intriguing and basic
questions remain open. We call a random graph
process locally convergent if for each fixed k there
is a function rk(t) such that when m ~ tn the
(random) number of vertices in components of
size k is with high probability close to rk(t)n
when n is large. Similarly, it is globally con-
vergent if there is a function r(t) such that the size
of the largest component after tn steps is con-
centrated around r(t)n; i.e., if the scaling limit
exists. Such convergence is often assumed without
comment but should not be taken for granted. For
example, in the Barabási-Albert network model,
early random variations when the degrees are small
may be frozen-in by the preferential attachment,
and the rescaled maximum degree converges to a
probability distribution, not to a single value (27).
Something similar could in principle occur in
Achlioptas processes. Our argument can also be
written to avoid assuming convergence (17).

The Achlioptas processes that have been studied
in the mathematics literature (28–32) almost al-
ways use rules from a restricted class (bounded-

size rules) known to be locally convergent and
conjectured to be globally convergent (30); rules
outside this class are often regarded as intractable.
A simple modification of our argument shows that
all locally convergent Achlioptas processes are
globally convergent, settling this conjecture. Avery
intriguing open question is whether the product
rule (which is not bounded-size) is convergent.

Finally, it is clear that if one departs far enough
from the ER model, then a discontinuous transi-
tion is possible. For example, suppose that at
every step the two smallest components in the
whole graph are joined. With n a power of 2,
this corresponds to filling in the edges of a binary
tree from the leaves to the root, so the largest
component grows extremely quickly in the last
few steps (16). Our argument shows [see (15)]
that any rule based on picking a fixed number of
random vertices gives a continuous transition;
considering all n vertices can give a discontinu-
ous one. Where is the cutoff? It turns out that it
is at the lower end of the range:Whenever l→∞
as n → ∞, then the rule “pick l vertices at ran-
dom and join the two smallest distinct compo-
nents selected” exhibits explosive percolation (15).
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Real-Space Imaging of Kondo
Screening in a Two-Dimensional
O2 Lattice
Ying Jiang,1,2 Y. N. Zhang,1 J. X. Cao,1,3 R. Q. Wu,1 W. Ho1,4*

Kondo lattice systems can exhibit unusual many-body behaviors that result from the interplay
between onsite Kondo screening and intersite coupling. We used scanning tunneling microscopy to
image the Kondo resonance in a nonconventional Kondo lattice formed by self-assembled oxygen
(O2) molecules, which are paramagnetic, on the gold reconstructed surface [Au(110)-1×2]. The
interplay between the intermolecular coupling for molecules adsorbed along chains and the onsite
Kondo effect leads to the coexistence of both local and nonlocal Kondo screening at the atomic level.
The latter provides evidence for collective deconfinement of magnetization induced in Au, whereas
the former shows local “hybridization” between the Kondo clouds of nearest-neighbor O2 molecules.

TheKondo effect arises from spin-flip scat-
tering processes of itinerant electrons around
localized spins ofmagnetic impurities (1–5).

When individual local spins are brought into a

spatially ordered lattice, remarkably rich many-
body behaviors of the Kondo systems can appear
and require an understanding of how the inter-
site coupling affects the Kondo screening (6–9).

Below a characteristic temperature T*, a collec-
tive local-moment deconfinement develops and
leads to nonlocal Kondo screening (10, 11). The
coherence temperature T* defines an energy scale
different from the single-impurity Kondo temper-
ature TK (12, 13) and is believed to be controlled
by the nearest-neighbor intersite coupling (11, 14).
There is no cohesive understanding for theKondo
lattice systems due to the complex interplay be-
tween single-site Kondo screening and intersite
coupling, but this interplay can be enhanced in
systems with reduced spatial dimensions through
quantum confinement effects (15, 16).

Here, we illustrate the intersite coupling effect
in a two-dimensional (2D) Kondo lattice formed
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by a self-assembled monolayer of oxygen mole-
cules on the Au(110)-1×2 reconstructed surface at
10 K (17). The weak interaction between O2 and
gold preserves the magnetic ground state of gas-
phase O2 molecules and leads to a Kondo reso-
nance around the Fermi energy (2). We visualized
the interplay between the onsite Kondo screening
and intersite coupling with a scanning tunneling
microscope (STM) and achieved high spatial reso-
lution by using the Kondo resonance as a local
probe (18). The observation of delocalized Kondo
screening over the entire surface and the intermo-
lecular distance–dependent coherence tempera-
tures in different O2 lattices provide evidence for
the intersite coupling in the O2 lattice. In addition,
the Kondo resonance exhibits periodic enhance-
ments in regions between O2 molecules analogous
to the hybridization between atomic orbitals.

The O2 molecules at low coverage were
highly mobile along the rows of Au(110)-1×2
surface even at 10 K (fig. S1A); some O2 mole-
cules were occasionally trapped in single-atom
defects. With increasing coverage, O2 molecules
formed monolayer islands (fig. S1B) and even-
tually a complete O2 monolayer (fig. S1C). The
well-ordered O2 monolayer consists of two dif-
ferent O2 chains, both on the rows of the Au(110)-
1×2 surface (marked as a and b in Fig. 1A). Chain
a is composed of O2 molecules that pair with
each other as dimers, whereas chain b shows a
pronounced “zig-zag” feature. It is striking that
chains a and b alternate, which results in a 3×4
supercell. With the underlying Au(110)-1×2 lat-
tice superimposed, the adsorption sites of O2

molecules were determined (Fig. 1B). Both O2

molecules in chain a are bonded nearly on top
of gold atoms, whereas in chain b, one O2 is
bonded nearly on top of a gold atom but the
other one is adsorbed in the nearby bridge site.

The adsorption configurations were confirmed
by ab initio calculations based on the spin-polarized
density functional theory (SP-DFT) at the level
of generalized gradient approximation (Fig. 1C).

In addition to O2 chains observed in STM im-
ages, we found that additional O2molecules were
needed in the troughs of the Au(110)-1×2 surface
for energy optimization (17). These molecules
are absent in STM topography because they are
about 1.8 Å lower than those on the rows. The O2

molecules in the top monolayer are weakly bound
to the Au(110)-1×2 surface, with an average bind-
ing energy of 53 meV/molecule and O-Au bond
lengths longer than 2.71 Å. These values corre-
latewell with our experimental observation that
the entire monolayer of O2 molecules desorbed

when the STM junction was illuminated by a
532-nm continuous wave laser with power den-
sity greater than 15 W/cm2.

The calculated magnetic moment of each O2

in the monolayer is 1.997 mB, which is near that
of the gas phase O2, 2.0 mB in its triplet ground
state. The O2 monolayer forms a ferromagnetic
(FM) ground state with a rather weak exchange
interaction because the intermolecular distances
are as large as 4.2 Å. If we selectively flip the mag-
neticmoment of anyO2molecule in the lattice, the
energy change is less than 1.5 meV, almost within

Fig. 1. (A) Constant-current
STM topography of the O2
monolayer (34 × 34 Å2).
The 3×4 unit cell is high-
lighted by a dashed rec-
tangle. The two different
kinds of O2 chains, a and
b, are distinguishable. (B)
Zoom-in image (10×17Å2)
of chains a and b with
Au(110)-1×2 lattice super-
imposed to show the ad-
sorption sites of the O2
molecules. All the STM
topographic images were
acquired with V=0.5 V, I=
0.1 nA. (C) DFT calculations
for the configuration of
the O2 monolayer corresponding to the area in (B). Oxygen and gold atoms are denoted by red and golden spheres, respectively. (D) dI/dV and d

2I/dV2 spectra taken
on (at point marked × in B, black curves) and off (gray curves) the O2 monolayer. Set point: V = 0.1 V and I = 0.1 nA. The dashed white curve shows a fit to the dI/dV
with the Fano equation described in the text.
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Fig. 2. (A) STM topography
of an O2monolayer, in which
the positions of the tip for
recording dI/dV spectra in (B)
are depicted. Set point: 0.1 V
and 0.1 nA. Each dI/dV spec-
trum in (B) is fitted with the
Fano equation. (C) Spatial de-
pendence of the energetic
position e0, Fano parameter
q, half-widthathalf-minimum
G, and the magnitude A of
the Kondo resonance at dif-
ferent positions shown in (A).
The horizontal dotted lines
in the upper three panels of
(C) denote the average val-
ues: e0 = 0.7 T 0.5meV, q=
0.021 T 0.027, and G =
13.7 T 0.7 meV. The hori-
zontal dotted line in the
bottom panel of (C) high-
lights the existence of a uni-
form background signal level
of 0.16 nA/V.
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the error range of typical DFT calculations (17).
Each molecule can flip its magnetic moment al-
most freely at 10 K, uninhibited by exchange cou-
pling to adjacentmolecules. The lack of traditional
Ruderman-Kittel-Kasuya-Yoshida interactions
makes the O2 lattice different from heavy fermion
materials because the intersite coupling arises from
the long-range coherence in the periodic lattice.

A symmetric Lorentzian-like dipwas observed
around the Fermi level (V = 0) in the dI/dV curve,
in sharp contrast to the flat spectrum taken over the
cleanAu surface (Fig. 1D).No other spectroscopic
features were observed throughout the bias range
from –250 to 250 mV (fig. S1D). The spectro-
scopic dip has very large magnitude, reaching
about 65% of the zero-bias conductance (17, 19).
By fitting the dI/dV curves with the Fano equa-

tion dI(V )
dV ¼ A (e þ q)2

1 þ e2 þ B ½with e ¼ (eV − e0)
G � ,

where A is the magnitude, B is the background
dI/dV signal, q is the Fano parameter, e0 is the
energetic position, and G is the half-width at half-
minimum (20–22), we obtained G = 13.5 T 0.2
meV, which corresponds to a coherence temper-
ature T* of 130 T 2 K (23). The Fano parameter q
obtained in the fit is only about 0.013 T 0.004,
which implies that almost all electrons from the

tip tunnel into the conduction states of the Au
substrate modified by the Kondo resonance (22).
IfG has negligible spatial dependence, as discussed
below, it is more accurate and convenient to extract
the value of A from the d2I/dV2 extrema than from
the dI/dV amplitude, especially when the Kondo
signal is weak (24).

The dI/dV spectra recorded over the points in
Fig. 2A along the rows and troughs on theAu(110)-
1×2 surface are displayed in Fig. 2B. The spatial
dependences of e0, q, and G of the Kondo reso-
nance extracted from these curves are negligible
(Fig. 2C). Similar spatial invariance of q observed
for Co adatoms on the Cu(111) surface was as-
cribed to the dominance of tunneling into the sub-
strate conduction band (25, 26).

The Kondo magnitude, A, however, exhibits
pronounced periodic enhancements along the
rows and troughs (Fig. 2C, bottom), with variations
up to 0.25 nA/V. Notably, A does not go to zero;
its minimum approaches a constant of 0.15 nA/V
(dotted line in Fig. 2C, bottom). The larger en-
hancements for trough positions cannot be simply
attributed to the lower tip position. For example,
the tip heights at points 2 and 3 are smaller by 0.1Å
than that at point 1, but the signals there are close to
the minimum level.

We obtained more comprehensive informa-
tion on the spatial distribution of the Kondo res-
onance by constructing Kondo images of the
d2I/dV2 signals that were simultaneously acquired
with the topography (Fig. 3A). The Kondo im-
age of an ordered O2 lattice (Fig. 3B) was ob-
tained by fixing the bias at the positive peak
position (7 mV) in the d2I/dV2 spectra. The image
obtained at the negative dip (–7 mV) is basically
the same, except for the change in sign. TheKondo
image shows a delocalized uniform background
signal (7.8 nA/V2, equivalent to 0.16 nA/V in
dI/dV) superimposed with a periodic enhance-
ment of localizedKondo signal (up to 18.2 nA/V2,
equivalent to 0.38 nA/V in dI/dV), in agreement
with the mapping data in Fig. 2C. The same (3×4)
periodicity in Fig. 3, A and B, implies that the
Kondo signal is intimately correlated with the
geometric structure of the O2 monolayer.

The localized enhancements in the Kondo
image are characterized by a series of ellipti-
cal lobes, one of which is highlighted in Fig. 3B
(dotted ellipse). These lobes form in pairs and
are elongated along the direction nearly per-
pendicular to the rows of the underlying Au(110)
lattice. A more accurate description of the lobes,
however, requires Kondo imaging with finer
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Fig. 3. Topographic images: (A) 100×100 pixels, 34×34 Å2 and (C) 85×85
pixels, 14 × 14 Å2. (B) and (D) Simultaneously acquired Kondo images by
recording the intensity of the positive peak (V = +7 mV) in d2I/dV2 spectrum.
Set point: V = 0.1 V and I = 0.1 nA. The black arrows in (C) highlight the fuzzy
features associated with the weakly bonded O2 molecules in the trough. The
black dashed ellipses in (D) highlight the periodic enhancements. The position
of the trough in (C) is denoted by the black dashed line in (D). The big and
small circles denote the big and small lobes of each O2 molecule in chain a,

whereas the two circles are similar in size for chain b. (E) dI/dV spectra of
the 2D O2 lattice on Ag(110) (violet), 2D O2 lattice on Au(110) (green), and
1D O2 chain on Au(110) (red). The red and green curves are multiplied by
factors of 20 and 4.7, and offset by 14.2 nA/V and 2.1 nA/V, respectively. The
dashed black curves show the fits to the data with the Fano equation. (F) The
coherence temperature and the resonance magnitude (the conductance change
Ds of the Kondo dip normalized by the zero-bias conductance s0) as a function
of the intermolecule distance for the three O2 lattices.
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spatial resolution (Fig. 3, C andD). The lobewithin
the dashed ellipse in Fig. 3B could be resolved into
two smaller lobes separated by the trough of the
Au(110)-1×2 surface (highlighted by two black
dashed ellipses in Fig. 3D). Periodic, fuzzy fea-
tures appeared in the trough (indicated by the
arrows in Fig. 3C) when the tip was brought close
to the surface such that the tunneling gap was be-
low that set by 0.2V/0.1nA.We attribute the fuzzy
regions to O2 molecules in the trough (Fig. 1C).

Four main features were extracted from Fig.
3, B and D: (i) In both chains a and b, the Kondo
enhancements were mainly localized at the ends
of O2, but displaced from the molecular axis. (ii)
For chain b, the Kondo enhancement was in the
middle between two adjacent O2 molecules. (iii)
For chain a, the Kondo enhancement was next to
the “big circle” of the O2 molecules and aligned
with the enhancement in chain b. (iv) The Kondo
enhancements arising from chains a and b were
correlated with each other to form a linear re-
peating unit of four lobes (Fig. 3, B and D).

The delocalization of the Kondo signal arises
from the collective deconfinement ofmagnetization

in the Kondo lattice below the coherence temper-
ature T* (6, 10, 11). The development of the non-
local Kondo screening is attributed to the intersite
coupling (14). In addition, as shown in Fig. 3, E and
F, the measured coherence temperature T* (130 K)
of theO2 lattice,with intermolecular distance of 4.19
Å, lies in between that of 1D O2 chain on Au(110)
(88K)with a larger intermolecular distance (8.64Å)
and that of 2DO2 lattice onAg(110) (187K) with
a smaller intermolecular distance (3.16 Å) (17).
The coherence temperature of the O2 lattice is thus
enhanced with decreasing intermolecular distance.

Localization of the Kondo enhancement sig-
nal at the ends of molecules implies that the 2p*
antibonding states of O2 are responsible. The
calculated isosurfaces of spin density in the inset
in Fig. 4A indicate that the magnetization mainly
stems from 2p* orbitals of the triplet O2 (27).
Curves of the total density of states (DOS) in Fig.
4A show that the Au d band is well below the
Fermi level and that states around EF are free-
electron like. The 2p* orbitals of O2 have an ex-
change splitting of 2.5 eV, as indicated by the
local density of states in Fig. 4B, for O2 mole-

cules in chain a. The crystal field of Au(110)
causes the in-plane (pip) and out-of-plane (pop)
orbitals of O2 to be split and broadened into
resonances. The calculated topographic image in
Fig. 4C reproduces the main features of the ex-
perimental data in Fig. 1B.

The Kondo effect depends on the responses
of itinerant electrons, so it is instructive to analyze
the spin density near the Fermi level from states
within a range of –0.25 eV to Ef, in both horizon-
tal and vertical planes (Fig. 4, D and E). This spin
density is mostly negative (antiparallel to the local
magnetization of O2), a common ground-state fea-
ture of the Kondo liquid. The induced spin polari-
zation in Au is rather delocalized (Fig. 4E), in
good accordance to the uniform backgroundKondo
signal shown in Fig. 3, B and D.

The experimental image of the Kondo en-
hancement could be related to the DFT spin den-
sity of free-electron states around the Fermi level.
The Kondo signal is mostly strong at locations
where O2-induced spin clouds start to overlap,
as highlighted by white ellipses in Fig. 4D. The
Kondo enhancements shift away from the O sites
as a result of the coupling between single-site
Kondo screening, which is analogous to orbital hy-
bridization: The “bonding” betweenKondo clouds
of adjacent O2 molecules results in the Kondo sig-
nal enhancements between them. In a disordered
O2 lattice, the Kondo enhancement is very sensi-
tive to the intermolecular distance (17). The Kondo
magnitude is always enhanced where the neigh-
boring O2 molecules are closer and their “Kondo
bond” gets stronger (Fig. 3F and fig. S6C). The O2

molecules in troughs are important in bridging
the “Kondo bonds” across chains a and b for the
generation of the spatial pattern of the Kondo
enhancement in Fig. 3, B and D. Therefore, the
Kondo screening in the O2 lattice is collective,
and the Kondo moments bind when they are near
each other.

During the Kondo scattering process, itinerant
electrons flip their spins by interacting with either
the pip or pop state of O2, such that the z compo-
nent of the O2 spin (Sz) is switched between 0 and
T1 without energy cost because the magnetic an-
isotropy energy is negligible (17). Given that
there is only one screening channel available in
our experimental geometry (the conduction states
from the Au substrate), only one electron spin of
O2 can be flipped at a time, such that the O2 spins
are only partially screened. The O2 lattice resem-
bles an “underscreened Kondo-lattice,” as dis-
cussed for a spin-1 Kondo model (28–30) and
provides an ideal test ground for studying the
competition between the Kondo effect, orbital
ordering, and long-range spin coherence.
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Directing Zeolite Structures into
Hierarchically NanoporousArchitectures
Kyungsu Na,1,2 Changbum Jo,1,2 Jeongnam Kim,1 Kanghee Cho,1,2 Jinhwan Jung,1,2

Yongbeom Seo,1,2 Robert J. Messinger,3 Bradley F. Chmelka,3 Ryong Ryoo1,2*

Crystalline mesoporous molecular sieves have long been sought as solid acid catalysts for
organic reactions involving large molecules. We synthesized a series of mesoporous molecular
sieves that possess crystalline microporous walls with zeolitelike frameworks, extending the
application of zeolites to the mesoporous range of 2 to 50 nanometers. Hexagonally ordered
or disordered mesopores are generated by surfactant aggregates, whereas multiple cationic
moieties in the surfactant head groups direct the crystallization of microporous aluminosilicate
frameworks. The wall thicknesses, framework topologies, and mesopore sizes can be controlled
with different surfactants. The molecular sieves are highly active as catalysts for various
acid-catalyzed reactions of bulky molecular substrates, compared with conventional zeolites
and ordered mesoporous amorphous materials.

Nanoporous materials possessing pores of
molecular dimensions can be used to
separate or selectively adsorb guest mol-

ecules according to size and shape (1–3). Zeolites
are the best-knowngroupof thesemolecular sieves,
constituting a family of crystalline microporous
aluminosilicate minerals (~200 structures) (1, 4).
The pore diameters, shapes, and connectivities are
specified according to their framework structures,
which typically have pore diameters <2 nm. Zeo-
lites are also acid catalysts, cation-exchange ma-
terials, and nanoparticle supports, and they exhibit
high thermal, hydrothermal, and mechanical sta-
bilities (4–6). The framework acidity may be
tailored by the substitution of different hetero-
atoms (for instance, aluminum) into the frame-
work. Thus, zeolites have diverse applications
and occupy >40% of the entire solid catalysts

currently used in the chemical industry (6). Never-
theless, zeolite applications are limited to small
molecules that can diffuse through the narrow
microporous frameworks.

The microporosity of zeolites is generated by
the incorporation of pore-generating species such
as alkyl-ammonium molecules, which compen-
sate negative charges on the crystallizing silicate
framework (4, 7). Such “porogens” can be removed
(e.g., by thermal calcination), generating a micro-
porous framework. Several porogens can aggre-
gate to generate pores that are larger than those
produced by nonaggregating porogens, but thus
far resulting crystalline zeolite structures have been
limited to pore diameters <2.2 nm (8). In 1992,
Kresge et al. reported a supramolecular templat-
ing mechanism that used surfactant aggregates as
porogens to synthesize ordered mesoporous ma-
terials [e.g., Mobil Composition ofMatter No. 41
(MCM-41)] (9). The discovery of this supramo-
lecular porogenic mechanism extended the ap-
plication of molecular sieves to the mesoporous
range (2 to 50 nm). Initially, these mesoporous mo-
lecular sieves (MMSs) attracted attention as large-
pore acid catalysts for various reactions involving

bulky molecules (3, 9, 10). However, due to their
noncrystalline frameworks, these MMSs ex-
hibited insufficient framework acidities and,
consequently, low catalytic activities (3). Tremen-
dous efforts were made in recent years to synthe-
size ordered MMSs with crystalline frameworks
(11–19). However, such ordered MMSs were
difficult to obtain, except for the use of three-
dimensionally ordered mesoporous carbon as a
template (17). A di-quaternary ammonium sur-
factant was recently tested as a porogen for such
MMSs, but the synthesis yielded two-dimensional
(2D) MFI zeolite nanosheets (18, 19).

We present a family of MMSs in which the
mesopore walls are zeolitelike microporous crys-
talline aluminosilicate frameworks. The synthe-
ses were performed with a series of gemini-type,
polyquaternary ammonium surfactants that could
generate micropores and mesopores simultaneous-
ly (fig. S1 and table S1) (20). Hexagonal meso-
structures were generated by aggregation of the
surfactant molecules, whereas the crystalliza-
tion of microporous frameworks was directed by
quaternary ammoniumgroupswithin themesopore
walls. One notable member of this dual-porogenic
surfactant family has a molecular formula of
C18H37–N

+(CH3)2–C6H12–N
+(CH3)2–C6H12–

N+(CH3)2–C18H37(Br
–)3 (abbreviated as 18–N3–18)

(Fig. 1A). This surfactant has a zeolite-directing
head group composed of three quaternary am-
moniums connected with –C6H12– alkyl spacers
and two hydrophobic –C18H37 alkyl tails. Hydro-
thermal synthesis using this surfactant resulted in
a hexagonally ordered MMSwith 1.7-nm-thick
crystalline MFI-like microporous frameworks
(Fig. 1 and figs. S2 and S3). The use of surfac-
tants with different head groups, which include
higher numbers of quaternary ammonium groups
and the presence of phenyl rings, resulted in
MMSs with thicker mesopore walls and differ-
ent zeolitelike frameworks (Table 1 and figs.
S4 to S10). Although the extent of mesostructural
order decreases as the wall thickness increases,
the thickness of the crystalline walls was uniform
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