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Direct visualization of the dynamics of structural glasses and amorphous solids on the sub-nanometer
scale provides rich information unavailable from bulk or conventional single molecule techniques.
We study the surface of hafnium diboride, a conductive ultrahigh temperature ceramic material that
can be grown in amorphous films. Our scanning tunneling movies have a second-to-hour dynamic
range and single-point current measurements extend that to the millisecond-to-minute time scale. On
the a-HfB, glass surface, two-state hopping of 1-2 nm diameter cooperatively rearranging regions
or “clusters” occurs from sub-milliseconds to hours. We characterize individual clusters in detail
through high-resolution (<0.5 nm) imaging, scanning tunneling spectroscopy and voltage modula-
tion, ruling out individual atoms, diffusing adsorbates, or pinned charges as the origin of the observed
two-state hopping. Smaller clusters are more likely to hop, larger ones are more likely to be immo-
bile. HfB, has a very high bulk glass transition temperature 7', and we observe no three-state hopping
or sequential two-state hopping previously seen on lower 7, glass surfaces. The electronic density
of states of clusters does not change when they hop up or down, allowing us to calibrate an accurate
relative z-axis scale. By directly measuring and histogramming single cluster vertical displacements,
we can reconstruct the local free energy landscape of individual clusters, complete with activation
barrier height, a reaction coordinate in nanometers, and the shape of the free energy landscape basins
between which hopping occurs. The experimental images are consistent with the compact shape of
a-relaxors predicted by random first order transition theory, whereas the rapid hopping rate, even
taking less confined motion at the surface into account, is consistent with S-relaxations. We make a
proposal of how “mixed” features can show up in surface dynamics of glasses. © 2014 AIP Publish-

ing LLC. [http://dx.doi.org/10.1063/1.4901132]

. INTRODUCTION

Understanding the structural transformation of an atomic
or molecular liquid into glass is considered one of the grand
challenges of chemical physics. Although some structural in-
sights have been provided by simulations despite their lim-
ited time scale and finite size,'-2 and direct observations
on colloids as macroscopic glass analogs give structural
information,** laboratory experiments that resolve structure
and dynamics at or near the atomic level in structural glasses
are still scarce.””’ What is the shape of the cooperatively re-
arranging regions in glasses and what does their free energy
landscape look like? These are questions we would like to an-
swer quantitatively here.

Simple mode coupling theories predict that upon cooling
a glass-forming liquid, the liquid-phase diffusion time scale
lengthens and ultimately diverges.®° Below the temperature
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T,, instead a rapidly slowing process does occur, signaling
the emergence of activated events. Experiments show that the
slower a-relaxation process appears to “freeze out” below the
glass-transition temperature 7, where the rapidly increasing
glass viscosity precludes further observations of macroscopic
change on the laboratory time scale.'® Motion still does occur.
B-relaxations, faster than the « process, can be observed even
below Tg in the bulk,!? and are associated with motions on a
more local scale than «-relaxation.'! Nevertheless, it is clear
based on experiments'> !> and modeling'“ '3 that the “global”
a-relaxation and the “local” B-relaxation are both collective
and connected to one another.'®!” Ideas about this structural
connection have been untested because atomic level structural
detail has been unavailable on the laboratory time scale, while
atomic level simulations on the ms or longer time scale remain
a decided luxury.'8

Two kinds of approaches have been explored for
structural dynamics of glasses. In themodynamically mo-
tivated theories such as random first order transition the-
ory (RFOT),! the collective a-relaxation occurs through
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structurally compact, collectively moving clusters that in-
crease in size as the glass is aged (i.e., as the experiment al-
lows more relaxation time when 7 ~ T,).'"° In the bulk, the
RFOT distribution of enthalpic barriers for «-relaxation peaks
at ~30-36 k,T,, " for fragile glasses, but is smaller for strong
glasses (fragility describes how quickly the liquid viscosity is
recovered upon heating a glass®’). Beneath T, the clusters get
stuck below barriers roughly proportional to the cluster sur-
face area, and hop at best between two states, or most likely
do not hop at all. Within the RFOT picture, 8-relaxations cor-
respond to more elongated strings of glass forming units'?
(the units being Si0, for window glass, a pair of atoms for a
bimetallic glass, or a HfB, unit for hafnium diboride). These
strings can move among the «-cooperatively rearranging re-
gions and have a much lower barrier distribution, peaked at
~10 kg T in the RFOT model."> The other approach involves
kinetic facilitation of “stuck’ regions in the glass. In some ki-
netic facilitation models,?' local relaxation also corresponds
to string-like chains of glass-forming units. These structures
can facilitate motion of similar structures of glass formers
nearby in the glass matrix, relieving strain, and are thought
to lead to global relaxation without compact regions.?” Both
models connect local to global relaxation structurally, but in
different ways: in RFOT there is a distribution of shapes of
cooperatively rearranging units from compact to elongated,
and a distribution of activation barriers that can range from bi-
modal (8 peak and « peak) to just a single dominant peak;'> in
kinetic facilitation, different local rearranging regions interact
to facilitate large scale collective structural rearrangements in
the glass.*??

Experiments deep in the glassy regime are difficult
because slow dynamics tests the experimentalist patience.
a-relaxation dynamics is not observable below 7, in the
bulk because such events become exceedingly rare: k()
~ 101e3VGM =1 ~ 4/year for a low-barrier glass at % of
the glass transition temperature. The RFOT theory predicts
that on the glass surface, the activation barrier is only half that
of the bulk, or 15-18 kT, ** That brings a-relaxation much
closer to the B-relaxation time scale, making it potentially ob-
servable at surfaces.

Experiments can directly visualize the motion of coop-
eratively rearranging regions in structural glasses or amor-
phous solids when spatial resolution at the level of a single
glass forming unit (<0.5nm) is combined with accelerated
glassy dynamics at surfaces.®?*2?% Like single molecule ex-
periments, such “single cooperatively rearranging region” ex-
periments can make rare slow dynamics visible even against
an immense background of immobile glass matrix. We pre-
viously imaged dynamics on surfaces of metallic glasses**
and amorphous silicon® by time-resolved scanning tunneling
microscopy with <90 s time resolution and <0.5nm spa-
tial resolution, sufficient to resolve sub-structure in cooper-
atively rearranging regions. Structural dynamics of a glassy
surface is not necessarily identical to that in the bulk, but the
ability to directly access the surface motion encourages their
comparison with glass theories modified to correct for sur-
face effects.”? In our experiments we have observed compact
clusters of between 3 and 8 glass forming units in width that
hop between two structural states at T < T,. Hopping clusters
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are rare compared to immobile clusters. Occasionally, we ob-
served even rarer three-state motion or concerted two-state

motion (where a cluster hops, and soon thereafter another
nearby cluster hops).®?® The shape of glass surface clusters
is more in line with the prediction of RFOT theory for a-
cooperatively rearranging regions, while their speed is more
in line with the f-relaxation time scale. However, given the
much greater number of immobile clusters on the glass sur-
faces we studied, the ones that move may correspond to the
low barrier tail of the activation barrier distribution.”?

Here we aim to answer the questions posed in the in-
troductory paragraph — What are the shapes and free energy
landscapes of cooperatively rearranging regions at the sur-
face of glasses? We do this for the chemical vapor deposited
amorphous hafnium diboride surface well below its bulk glass
transition temperature. (HfB, has a melting temperature 7,
~ 3200 K*” and T, ~ 0.6T,,.”*) We extend our accessible time

m:*
scale by a factor >10° over our past work, by complement-
ing full image scans of the surface (~90 s/frame) with small-
image scans (~0.1 s resolution) and single point time traces of
cooperatively rearranging regions (~0.1 ms time resolution).
We also study the cooperatively rearranging regions at atomic
resolution and measure their [-V characteristics to show that
they correspond with collectively moving groups of atoms,
not to individual atoms or to small molecules diffusing on the
surface. Finally, we are able to histogram the glassy surface
dynamics to construct quantitative free energy landscapes as
a function of vertical displacement from the surface.

In our experiment-based picture of glassy surface dy-
namics, HfB, cooperatively rearranging regions are compact
clusters of a few glass-forming units in diameter that move
~0.08-0.12 nm between two structural states. The states are
separated by a low barrier (~25 kzT in room temperature
units, 4 kg7, in glass transition temperature units) defined by
our time window from 0.1 ms to a few hours. We find that
immobile clusters have a similar local free energy landscape,
but lack access to a second free energy well. Rarity of moving
clusters is explained easily: motion corresponds to a collec-
tive breaking and making of bonds and dangling bonds at the
cluster surface; only a few clusters can move while preserv-
ing the net number of bonds and dangling bonds in product
and reactant. Clusters that are not nearly thermoneutral are
trapped in minima so deep, that they cannot be observed to
hop reversibly on our time scale. We do not observe string-
like cooperatively rearranging regions in our experiments, al-
though we have the spatial resolution needed to observe them;
if “stringy” dynamics is faster than we can resolve, or if such
motions are even rarer than compact clusters, we would not
be able to observe it.

We conclude with simulations based on a surface-
modified RFOT model, showing that the structural dynamics
we observe (cooperatively rearranging regions are compact)
and free energy landscapes (rough double wells) are consis-
tent with an RFOT model that has been modified to fit the
special feature of a free surface. The model yields «- and -
relaxations having barriers peaked at 10-15 kgT,, with tails
down to a few kgT,. These barriers are consistent with ex-
periment if we assume that we are observing the low-barrier
tail of the activation energy distribution in our time window.
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Thus, the existence of compact cooperatively rearranging re-
gions moving on an accelerated time scale due to reduced sur-
face friction between two states on a glassy surface seems to
be settled by these observations.

Il. EXPERIMENTAL AND COMPUTATIONAL METHODS

HfB, amorphous thin films were grown by chemical va-
por deposition (CVD) on both n- and p-type silicon (100)
substrates (0.01-0.02 2 - cm resistivity), using Hf[BH,], as
a precursor.”?? CVD growth onto a low temperature substrate
molecule-by-molecule avoids the presence of any crystalline
patches. The precursor was kept at room temperature while
the substrate temperature was below 500°C (K T, <T,)
during deposition. The base pressure was below 1 Pa before
deposition and ~2000 Pa during the CVD growth. After de-
gassing at ~110 °C for 9-15 h, HfB, was cleaned using 2 keV
argon ion sputtering for 2—4 h with a dose of ~(1-10) x 10!
ions/cm?. The base pressure of the sputtering chamber was
~2 x 107° Pa and argon was backfilled to ~3 x 1073 Pa.
After sputtering, the samples were immediately transferred to
the attached UHV STM chamber to record surface dynamics.
X-ray photoelectron spectroscopy showed that the surfaces, of
average composition HfB, 55 as a result of preferential sput-
tering, were not contaminated with silicon, and SEM showed
that the glassy films were 46—101 nm thick, corresponding to
~130-290 layers of HfB, (see Fig. S1 in the supplementary
material’®).

We acquired STM topography movies of the surface, and
tunneling current traces of individual cooperatively rearrang-
ing regions as a function of time, using a home-built ultrahigh
vacuum STM?! with base pressure <7 x 10~° Pa and with a
thermal drift of <0.1 nm/h. Series of STM images were col-
lected using constant current mode and are presented as to-
pography (piezo z-displacement) or spatial derivative images
for better contrast of cooperatively rearranging region dynam-
ics. These STM movies had a time resolution of ~90s, and a
maximum duration of several hours. Some movies achieved
atomic or near-atomic resolution. We also collected tunnel-
ing current vs. time traces of individual sites on the surface in
constant spacing mode. Due to the current preamplifier band
width of 10 kHz, our ultimate time resolution is about 100 rs.
Traces were collected with time steps as short as 16.5 us
and up to 33 s in overall duration (see the supplementary
material).>” Thus we were able to capture dynamics from the
sub-millisecond to the hour time scale.

HfB, is a metallic solid, so we collected I-V traces to
verify the nature of both mobile and immobile regions on the
glass surface and to check that tunneling characteristics re-
mained unchanged in the course of the observed dynamics.
Unchanging tunneling characteristics over a region allowed us
to obtain a quantitative distance calibration. To calibrate the
reaction coordinate of the energy landscape, a z distance vs.
tunneling current calibration curve was measured by ramping
the current and measuring displacement of the tip piezo from
constant height (see the supplementary material).>* The cal-
ibration was confirmed to be accurate to within 2% by com-
parison with step edges on Si(100) and graphene surfaces (see
the supplementary material).>
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RFOT theory has been modified to make predictions for
glassy surface dynamics.?? To model structural dynamics, free
energy barrier distributions were generated using the disor-
dered fuzzy-sphere model of Stevenson et al. based on RFOT
theory.'* First, a two-dimensional free energy surface was cal-
culated as functions of the number of particles in the core and
the number of particles in the fuzzy halo, following Eq. (10) in
Ref. 14. Random fluctuations in free energy were then added
in which the strength of fluctuation depends on fragility, as T
(C, kp)*3 where fragility m = 20.7 Cp.15 For a-HfB,, we used
a fragility m ~ 30 which is typical for inorganic glass-forming
materials.*> To account for the free surface effects, the effec-
tive surface area of the core was reduced by a factor of 2,
which is consistent with the proposed modification of RFOT
theory for glassy surfaces.”? The disordered free energy cal-
culation was repeated 100000 times to obtain a distribution
of lowest free energy barriers for stable reconfigurations.

lll. RESULTS

A. Characterizing individual cooperatively
rearranging regions: Size, shape, sub-structure
and electronic properties

Fig. 1(a) (Multimedia view) shows frames from a STM
topographic movie illustrating the glassy surface dynamics
we observed. In this movie the cooperatively rearranging
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FIG. 1. Topography, derivative, and cluster size as a multiple of the number
of HfB, glass forming units (GFU). (a) STM topographic images showing
a compact cluster (circled) that is initially slow hopping between complete
frames then becomes fast hopping in and out several times in one frame.
The full height range is 0-1.0 nm but is narrowed down to highlight the
hopping cluster (gray scale bar: 0.4-0.9 nm). (b) The corresponding STM
derivative images for frames in (a). The smallest features are comparable to
the size of a glass forming unit (dashed circled). Clusters can be resolved
in topography mode but are best visualized in derivative mode. See Movies
1(a) and 1(b) for full movies of panels (a) and (b). Scanning conditions:
1V, 100 pA. Scale bars: 3 nm. (c) Cluster size distributions for hopping and
non-hopping clusters. For hopping clusters, only ones that hop at least twice
are counted. The average diameters for hopping and non-hopping clusters
are 4.8 £+ 1.2 and 5.3 & 1.8 glass forming units, respectively. The hopping
clusters are slightly smaller than non-hopping clusters, in good agreement
with RFOT theory.' [URL: http://dx.doi.org/10.1063/1.4901132.1] [URL:
http://dx.doi.org/10.1063/1.4901132.2].
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region is a two-state cluster of multiple atoms that is ini-
tially slow (transitions occur between frames), that then be-
comes fast later in the sampled time window (multiple tran-
sitions within a frame). The cluster can be resolved clearly
in topography mode. In Fig. 1(b) (Multimedia view), the
corresponding spatial derivative images are shown. In the
derivative mode, “low” and “high” regions of the surface are
all visible equally. Thus, derivative mode provides a wider
range and better visualization of all clusters while keeping
the cluster shape, position, and state unchanged. All STM im-
ages are presented in the derivative mode except for Fig. 1(a)
(Multimedia view). One of the smallest features resolved in
Fig. 1(b) (dashed circle) has a diameter of 0.4 nm, the size
of a single HfB, (0.34 nm*’) glass forming unit. This length
scale defines the upper limit on the lateral broadening and res-
olution of the STM scan. In this movie as in others, hopping
clusters are at least twice as large (1 nm = 3 glass forming
units), and usually four to five times larger (Fig. 1(c)). Thus
clusters are easily distinguished from small molecules or in-
dividual atoms.

Fig. 1(c) shows the size distributions for hopping and
non-hopping clusters. The (peak) average diameters for hop-
ping and non-hopping clusters are (4.0) 4.8 £ 1.2 and (5.0)
5.3 £ 1.8 glass forming units and the standard deviations of
the size distributions are o = 1.2 and 1.8. The hopping clus-
ters are slightly smaller than non-hopping clusters. This result
agrees with the intuition that smaller cooperatively rearrang-
ing regions should be able to move more easily than larger
cooperatively rearranging regions. The larger non-hopping
clusters are not necessarily devoid of dynamics; they may
hop on a time scale slower than our few hour observation
window.

Clusters observed to hop have K,, ~ 1 (roughly equal
time spent up vs. down), thus hopping cannot involve the net
closure of dangling bonds or breaking of bonds into dangling
bonds, which would be irreversible one-time events (net bond
making), or far too endoergic to be observed (net bond break-
ing). Clusters therefore rearrange by bond breaking and for-
mation that is net nearly neutral in free energy. The great ma-
jority of clusters are non-hopping clusters, which apparently
do not have a neutral free energy path at their disposal. We ob-
served only ~0.2% of all clusters moving on our experiment
time scale of a few hours or less.

Fig. 2(a) shows a two-state cluster with resolved sub-
structure. In addition to having a diameter much larger than
the lateral resolution, the substructure of the image reveals
that the clusters are collection of atoms, not single atoms or
molecules, consistent with our previous study on a metallic
glass surface.”® As the cluster in Fig. 2 hops between the same
two states, its shape and orientation between hops remains the
same in each state. The buckling of a single dangling bond is
also position and orientation conserved.’? Nevertheless, the
substructure and size of moving clusters in equilibrium be-
tween two states indicates that they are a collection of atoms
bonded into a collective structure. The observation of sub-
structure also excludes the possibility that the observed mo-
tions are caused by diffusion of a small adsorbate in and out
of a favorable site, and I-V curves discussed below further
exclude this possibility.
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FIG. 2. Cluster structure (derivative images). (a) Sub-cluster resolution of a
cooperatively rearranging region (circled) indicating the cooperative nature
of surface glass dynamics. The shape, position, and orientation of the cluster
are unchanged during hopping, excluding the possibility that the dynamics is
diffusion. Scanning conditions: 2 V, 100 pA. (b) Bias reversal movie scanned
at 10 pA tunneling current showing a fast cluster (circled). The tunneling
current is 10 times smaller than in (a) but the hopping rate is substantially
faster. Movies in (a) and (b) show that hopping rate is independent of bias
voltage and tunneling current, thus excluding charging effects observed on
semiconducting surfaces. Scale bars: 2 nm.

While the diffusion of the smallest constituent atoms in
metallic glasses at a similar temperature has been shown to in-
volve string-like cooperatively rearranging regions,** we ex-
clusively observed two-state dynamics of compact clusters
(aspect ratio < 2) on the surface. The dynamics does not in-
volve the diffusion of the smaller B atoms. It is also worth
noting that XPS showed that the boron atoms are not in excess
on the surface (1:1.55 stoichiometry), and thus most likely all
remain bound to hafnium.

When an STM tip scans over the surface, injected elec-
trons can form stable charge defects. These would show up as
a large difference in surface topography when the bias volt-
age is reversed.® Fig. 2(b) is a movie taken under successive
voltage reversals. The cluster shape and hopping speed do not
change when the polarity is reversed, indicating that the ob-
served dynamics is not caused by a charged defect. The clus-
ter in Fig. 2(b) is also imaged at tunneling current 10 times
smaller than the cluster in Fig. 2(a), but its hopping rate is
substantially faster. Hopping does not increase with tunneling
current and the dynamics is independent of tunneling volt-
age switching. Movies such as those in Fig. 2 show that clus-
ter hopping is structural dynamics, not caused by charging
effects.

We also measured I-V curves (scanning tunneling spec-
troscopy = STS). Fig. 3(a) shows what is either a two-state
cluster hopping laterally on the glass surface, or two adja-
cent clusters hopping in anti-correlated motion up and down.
Fig. 3(b) is the I-V curve measured on top of the cluster(s)
shown in Fig. 3(a) in state “1” and in state “0.” Both scans are
characteristically metallic with nearly identical I-V curves,
proving that the local densities of electronic states of the clus-
ter are similar in the two states. The metallic nature of several
clusters observed by STS provides additional evidence that
the hopping clusters are not adsorbates and that the dynam-
ics is not caused by diffusion or charging effects. Even more
importantly, because there is no change in electronic structure
upon hopping, the measured tunneling current directly relates
to the height of the cluster, and we will make use of this fact
in Sec. III C.
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FIG. 3. Scanning tunneling spectroscopy. (a) Three frames from a two-state
cluster STM movie (derivative mode). This cluster either moves laterally or
anticorrelated motion of two adjacent clusters takes place. Scanning condi-
tions: 2V, 100 pA. Scale bars: 3 nm. (b) STS measured on the cluster circled
in (a) in state “1” and state “0.” Both STS show metallic behavior indicat-
ing no significant change in electronic structure. This observation rules out
diffusing adsorbates and enables quantitative current-height calibration.

B. A wide range of hopping rates on the a-HfB,
surface

We have seen in Figs. 1-3 that clusters can hop several
times as they are being scanned, not just between frames of
the STM movies. The very fastest clusters appear as noisy
speckles and little can be deduced about their kinetics from
the full-image STM movies. Previously we did not study
them in detail because few were observed and the time res-
olution was limited: it takes at least a minute to acquire an
image.

To resolve fully the hopping dynamics of fast clusters,
we first scanned a frame several times to make a time-lapse
movie identifying a repeatedly hopping cluster (an example
featuring a slow-hopping cluster is circled in Fig. 4(a)). Then,
during such a scan, we stop the STM tip on top of the coopera-
tively rearranging region (red dot), turn off the feedback loop,
and measure tunneling current as a function of time at con-
stant tip height. The time required to sample a current point
is > 16.5 us, with an amplifier bandwidth-limited time res-
olution of 0.1 ms. We can measure up to 33 s for such a
single-point current trace before the tip begins to drift later-
ally from the cluster being probed. Our dynamic time range
is thus improved over our previous work by a factor of >10°.
As a cluster hops out of the surface, the tunneling current in-
creases and then decreases when that cluster drops back in.
After measuring the tunneling current, we revert to full scans
to continue imaging the area and sample the cluster further
in full imaging mode (last frame in Fig. 4(a)). Fig. 4 illus-
trates that clusters always start in the same state during the
movie, where they were at the end of a single-point trace,
so the fast hopping while the tip is stopped always correlates
with the slow hopping, and thus reflects the same dynamical
phenomenon.

We also pushed the scanning procedure to its temporal
limit by scanning small areas <2 clusters in diameter, lead-
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FIG. 4. Fast cluster dynamics detection methodology. (a) A fast cluster is
identified by scanning an area for several frames (circled, derivative mode).
Once the fast cluster is selected, the same area is scanned until the tip reaches
a predefined point on the top of that cluster (red dot), then the feedback
is turned off and the tunneling current is measured. After measuring tun-
neling current, the tip continues scanning the rest of the image. The scan-
ning direction is from left to right, bottom to top. (b) The tunneling current-
time trace of the cluster in (a). During measurement, the cluster hopped in
corresponding to a drop in tunneling current at ~530 s in the time trace.
Scanning conditions: 2 V, 100 pA. All scale bars: 3 nm. Time resolution:
33 ms/point.

ing to a time resolution of ~ 5 s/frame of STM movie. The
hopping clusters occupy a large fraction of the scanning ar-
eas (> 50%), therefore we can assume that the clusters rarely
hop during the times they are not being imaged, if they do not
hop during the periods they are being imaged. The height pro-
file vertically across the cluster gives us the state trace of the
clusters with improved time resolution (~100 ms/line). Thus
we have three scan modalities: survey scans at > 60 s/frame,
small area scans at ~100 ms/line, and fast single-point detec-
tion with sub-ms time resolution. The time scale is thus lim-
ited at one end by instrument response and the other end by
the life time of the STM tips.

A wide range of two-state dynamics on the a-HfB, sur-
face was observed. Fig. 5(a) shows a cluster that never hops,
but fluctuates around its local position, as captured by the tun-
neling current in Fig. 5(b). Fig. 5(c) is a slow cluster that hops
in and out in complete scans in hundreds of minutes, with
a complete time trace shown in Fig. 5(d). Fig. 5(e) shows a
fast cluster resolved by scanning a single small area. From the
height profile, we reconstructed its two-state trace, as plotted
in Fig. 5(f). Fig. 5(g) shows a fast cluster hopping in and out
several times in one frame. The tunneling current measured at
a single point on top of this cluster shows two-state behavior
with multiple hops in a 20 s time window with time resolution
of 33 ms/point (Fig. 5(h)).

In this system, we observed only two-state hopping, al-
though evidence of a minor fraction of three-state hopping
and correlated sequential hopping was reported previously on
other glass surfaces.%>*20 The lack of any multi-state or diffu-
sive dynamics is consistent with the expected high 7, of HfB,
surfaces (based on the bulk), putting our observations of this
material near room temperature even more deeply below the
glass transition than other polymer,” metallic>* or semicon-
ducting glass surfaces® that have been observed. On polymer
surfaces studied by AFM, similar glassy two-state dynamics
was observed.'3
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FIG. 5. Wide range of dynamics on a-HfB, surface (derivative images). (a) A slow cluster (circled) that never hops. Scanning conditions: 2 V, 100 pA. Scale
bars: 3 nm. (b) The tunneling current measured at a single point on the cluster (red dot) in (a) showing no hopping activity but fluctuation around its local
minimum. Time resolution: 33 ms/point. (c) A slow cluster (circled) hopping in and out in complete scans. Scanning conditions: 2 V, 100 pA. Scale bars: 3 nm.
Time resolution: 105 s/frame. (d) Two state trace reconstructed for the cluster in (c). () A fast cluster resolved by fast scans. Scanning conditions: 2 V, 10 pA.
Scale bars: 0.4 nm. Time resolution: 100 ms/line. (f) Two state trace reconstructed for cluster in (e). (g) A fast cluster (circled) showing multiple hops in one
frame. Scanning conditions: 2 V, 100 pA. Scale bars: 3 nm. (h) The tunneling current measured on the top of the cluster (red dot) in (g) indicating two-state

behavior. Time resolution: 33 ms/point.

C. Constructing a single-cluster energy landscape

Having characterized the clusters in detail and accumu-
lated many two-state current traces from clusters with a va-
riety of hopping rates, we pursued our main goal of extract-
ing a quantitative free energy profile for individual cluster dy-
namics from the experimental data. This requires three steps.
(1) Calibration of the current vs. z distance yields a quantita-
tive coordinate for describing cluster motion along the sur-
face normal in nanometers. (2) The shape and free energy
of each well is determined by histogramming the distribu-
tion of cluster z-coordinates and then calculating the poten-
tial of mean force from the normalized histogram H(z) as
—kgT In(H(z)). (3) Determination of the Arrhenius prefactor
vl from temperature-dependent hopping, which then fixes the
barrier height AGTOJ = kgT In(t,,,;/t"); we use the value
of vi = (17! = 6 x 10'° s7!, determined experimentally
by us for similar-sized clusters by measuring the temperature
dependence of their activation energy.?® This leaves only the
curvature (second derivative of the free energy) of the transi-
tion state undetermined.

As discussed in Sec. III A, the electronic character of
the clusters is identical in both states. Thus changes in tun-
neling current directly translate into changes in vertical dis-
tance. To calibrate the z-separation between the two different
states visited by hopping, we measured the tip-sample dis-

tance change as a function of tunneling current for various
hopping and non-hopping clusters (Fig. 6(a)). The calibra-
tion of our STM piezo was verified by measuring an aver-
age Si(100) step height of 0.134 4= 0.001 nm (literature value:
0.136 nm; the £ value is the precision of the average, better
than any individual measurements). Fig. 6(b) is the z-/ calibra-
tion curve for a hydrogen passivated Si (100)-2 x 1 surface
for comparison. Distance was calibrated with equally good re-
sults on graphenized SiC (see the supplementary material).>

Fig. 7(a) compares the two-state hopping for a fast clus-
ter in HfB, with a similar measurement on the crystalline hy-
drogen passivated Si(100):2 x 1 surface with the same scan-
ning parameters. The calibrated distance trace is shown in
red. In addition to the large jumps in current due to hopping
between two states, there are smaller fluctuations in tunnel-
ing current through individual clusters on the a-HfB, surface.
These smaller fluctuations are reproducibly ten times larger
than those seen on the Si surface (Fig. 6(a)). This observa-
tion suggests that there is additional cluster motion on faster
time scales but with smaller amplitude within each of the two
states. Fig. 7(b) is the histogram of the complete z trace for the
cluster from Fig. 5(g). To make certain that the distance distri-
bution within the individual free energy wells is due to actual
dynamics and not instrument noise, we measured the instru-
ment noise. Fig. 7(a) already shows that the intrinsic z noise,
measured on a non-hopping Si surface, is much lower than
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FIG. 6. Height calibration. (a) Distance as a function of tunneling current
for a-HfB, and (b) hydrogen passivated Si (100)-2x 1 surfaces. Despite the
non-uniform nature of the amorphous surface, current fluctuations between
measurements are similar to crystalline Si, validating the use of an average
calibration curve.

the observed in-state fluctuations. In addition, Fig. 7(c) plots
the root mean square deviation (RMSD) of cluster motions
on a-HfB, within a single state, and of the noise background
on Si(100) as a function of the averaging time window (from
< 0.1 ms to >10 ms). In contrast to the decreasing noise with
increasing time window on the Si surface (blue data points

J. Chem. Phys. 141, 204501 (2014)

and dashed curve in Fig. 7(c)), the RMSD for a cluster within
a single state is much larger and essentially independent of
time averaging window up to 33 ms, confirming that there is
in-state motion on the time scale ~ 33 ms or longer causing
fluctuations in tunneling current.

The histogram in Fig. 7(b) yields the shape of the free
energy landscape projected along the z-axis near the two
minima, where sampling is good. Fig. 7(d) shows the ex-
perimentally determined free energy profile of the cluster in
Fig. 5(g). The separation of free energy minima along the z-
reaction coordinate is 8z,; = 0.07 nm. The free energy differ-
ence between the two minima is AG,; = 0.26 k;T, and the
barrier height obtained from the dwell times in Fig. 5(g) is
AGT 01 =23.6kgT ~ 3.7kgT,. Fig. S6 in the supplementary
material shows free energy proﬁles for additional clusters.*
The RMSD for hopping clusters and for stationary clusters
is similar (Figs. S6 and 7(c)), suggesting that all clusters on
the surface are essentially the same in their basic nature; the
stationary clusters simply do not have access to a second low
free energy state on the maximum time scale (hours) of our
experiment, and therefore jiggle around only in a single free
energy well.

The z-axis displacement provides a quantitative descrip-
tion of cluster motion along the free energy profile, but it is
clearly not a perfect reaction coordinate. For instance, the in-
state dynamics occurs on a time scale 7., ~ 50 ms, which
translates to a barrier height of k3T In(z,.,,/t") = 21.8 kyT.
The “micro” barrier is smaller than the two-state hopping bar-
rier, but it is still much larger than the corrugation within
wells in Fig. 7(d) and Fig. S6 in the supplementary material.>
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FIG. 7. Single cluster energy landscape. (a) Tunneling current as a function of time for hydrogen passivated Si (100)-2 x 1 (dashed black) and a-HfB, (black,
part of the current trace in Figure 5(h)). Dashed red and red curves are the converted z distance traces for silicon and a-HfB,, respectively. Fluctuation in

tunneling current and thus on z distance on a-HfB, surface is ~10 times larger th

an on Si surface. (b) Histogram of the complete z trace corresponding to the

current trace in Figure 5(h). (c¢) RMSD as a function of time resolution. The constant, larger value, and opposite trend of the RMSD from the expected noise
indicate the existence of real in-state glassy dynamics. The non-hopping and hopping clusters have similar RMSD values. (d) Two-state free energy landscape
in kT unit for the cluster in Figure 5(g). Solid line is the potential of mean force calculated from expenmental data showing the shape of the wells. Dashed line

is the extrapolation assuming a smooth transition between two states. 8z, ~ 0.07

nm, G,; ~ 0.26 kT, and G, ~ 23.55 kyT.
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Therefore on a one-dimensional free energy profile such as
Fig. 7(d), the in-well jiggling corresponds to increased fric-
tion. This friction is most likely caused by the incipient mak-
ing and breaking of many local Hf-Hf, Hf-B, and B-B bonds
from the cluster to other surrounding clusters on the a-HfB,
surface. A favorable rearrangement of such bonds then allows
the collective motion of Hf and B atoms within a cluster in the
vertical direction. Horizontal motion is of course also possi-
ble, but is not as sensitively detected by STM.

IV. DISCUSSION

Glassy surfaces have been shown by Forrest, Ediger and
co-workers,>® and us2* to have enhanced mobility (either dif-
fusional or two-state). Ediger and co-workers have also ex-
ploited this to make particularly well-aged glasses by lay-
ered growth,’” and we have observed direct imaging evi-
dence for such aging on a Ce-based glass surface.”> We have
imaged the structural dynamics of a glassy vapor-deposited
HfB, surface. As in our previous studies on metallic glasses
and a-Si,%2*2% we find that the cooperatively rearranging re-
gions are compact clusters with a mean diameter of 4 glass
forming units (mobile on our hours maximum time scale)
or 5 glass forming units (immobile on our hours maximum
time scale). They hop between two states, or remain stuck in
a single state. We characterized the clusters in some detail
by scans with <0.5 nm lateral resolution, scanning tunneling
spectroscopy (I-V curves), and voltage modulation. The rear-
ranging regions undoubtedly are built up from multiple HfB,
glass forming units. No string-like cooperative motion was
observed on the surface on our imaging time scale. We did
observe a wide range of two-state rates, fully spanning our
time window. This is a strong indication that the actual rate
distribution is wide, and the experiment samples only a small
window within it. That observation greatly strengthens the no-
tion of a broad distribution of barriers for surface hopping dy-
namics of compact clusters, which was previously observed
in a much smaller time window. %2426

Those clusters that hop always have an equilibrium con-
stant close to 1 for the two states, indicating that when the
cluster motion heals dangling bonds, others are broken to
maintain the system nearly thermoneutral. The energy land-
scape for most clusters on the surface is a single well at
low free energy because few cooperative motions allow ther-
moneutrality to be maintained. For the few two-state clusters,
we can map out a free energy surface around each well. There
is evidence for barriers ranging from 3.5 to 4.5 kT, although
projection along the z coordinate captures only the major hop-
ping barrier, while smaller barrier-limited processes manifest
themselves as slow dynamics within the wells due to cluster
friction with its glassy environment. In accord with the RFOT
proposal of size-dependent friction,'*?3 the mobile clusters
are on average smaller in diameter than the immobile clusters.
Two-state dynamics was observed previously by Pohl and co-
workers at low temperature in the absence of other low-energy
excitations;*® they attributed it to a low density of tunneling of
atoms or atom groups in a-Si at low temperature, whereas we
attribute our room temperature observations to an activated
process.
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FIG. 8. Schematic diagram for two-state dynamics on a-HfB, surface. (a)
Top view of the unit cell of crystalline HfB,. We take the size of this unit
cell as the size of a GFU. (b) A typical CRR of ~5 GFU in diameter em-
bedded in the glass matrix (uniform grey color, but the structure is similar to
the CRR), initially at the state “1” when the cluster is “out.” (c) The transi-
tion state in which most of the bonds (solid red) are remained the same while
several bonds (dashed red) are breaking and forming. (d) The final state “0”
with the total number of bonds unchanged. (e) In our time scale ranging from
sub-milliseconds to hours, we are only able to observe clusters with activa-
tion barriers of ~20-30 kzT and K, ~ 1 (black curve). Observations are
unfeasible for clusters with higher activation barrier (blue) or K, 0> 1 (red).

We can thus propose a simple structural model from
our observations. The top view of the unit cell of crystalline
HfB227 is shown in Fig. 8(a). The unit cell consists of a
hexagon of boron atoms and a Hf atom at the middle. We
used the size of this unit cell size as the size of a glass form-
ing unit for a-HfB,. Fig. 8(b) illustrates a cross-section of a
cluster with diameter of ~5 glass forming units embedded in
the glass matrix, initially at the state “1.” We make the as-
sumption here that the third dimension of the cluster resem-
bles the two that were imaged, i.e., the cluster is spheroidal
in shape and not a “buckling pancake” on the surface. As the
cluster hops in, it reaches the transition state (Fig. 8(c)), in
which one bond is partially formed and simultaneously an-
other is partially broken (dashed red). Such cooperative bond
formation/breaking allows for a low activation barrier. Clus-
ters without such a transition state are immobile on our time
scale. Finally the cluster reaches the state “0” (Fig. 8(d)) with
the total number of bonds unchanged compared to the ini-
tial state “1,” although the free energy of the system will not
be identical to state “1.” Our time scale ranges from sub-
milliseconds to hours thus we are only able to observe clusters
with activation barrier of ~20-30 kzT and K, ~ 1 as shown
in Fig. 8(e), black curve. We cannot resolve the motions of
clusters having higher barriers (blue curve) or with K, far
from 1 (red curve).

A comprehensive thermodynamic model for motion
of compact clusters has been proposed, and within this
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random first order transition (RFOT) model'® specific pre-
dictions have been made for glassy surface dynamics, such
as might apply to the amorphous HfB, surface. In the sur-
face version of the fuzzy-sphere model,”® the barrier is pro-
portional to the surface area of a cluster in contact with the
glassy matrix. That surface area is approximately halved at
the glass surface, yielding a barrier approximately 15-18 kg7,
for compact cluster relaxations («-relaxations), while string-
like or B-relaxations remain near 10 k7,. Our experimental
barrier G'; ~ 23.6 kT, determined from dwell time distri-
butions (Fig. 5(h)) together with the temperature dependence
of the kinetics, is much smaller. In units of the glass transition
temperature, kg T/kgT, ~ (298 K)/(0.67,,) ~ 0.15 and Gy,
~ 3.5-4.5 kT, for the full time range of motions we observe.
Thus our observed barriers are small compared to the most
probable barriers in the RFOT surface model. Is it nonethe-
less possible that such fast processes involving compact clus-
ters could be observed?

To answer this question, we computed the activation bar-
rier distributions at T, for the bulk and surface according
to the model described in Refs. 14 and 15 and briefly in
Sec. II. In the model the activation barrier freezes in at
T (the Kauzmann temperature where the extrapolated en-
thalpy of the supercooled liquid approaches the crystal in an
“entropy catastrophe”). The barrier changes only slightly
between T o and T, thus our computation of a barrier distribu-
tion at T, is reasonable for comparison with our experiment,
although our experiment occurs at 7'~ 0.157,. In addition,
aging takes place on a substantially longer time scale, thus
in our time regime of milliseconds to hours, the aging ef-
fect is expected to be small. We modified the RFOT model
to account for the smaller surface activation free energy as
discussed in Ref. 23.

The bulk and surface results for a strong glass (fragility
m = 30), typical of ceramics such as HfB,, are shown
in Fig. 9. Distributions for others fragilities are shown in
Fig. S8 in the supplementary material for completeness.*’
Our observed barrier G' ), ~ 3.5-4.5 kg T, falls into the lower
B-relaxation tail of the distribution, which is quantitatively
in agreement with the small fraction of hopping clusters ob-
served of ~0.2%.

Probability

Surface

Probability

0 5 10 15 20 25 30 35 40 45
Activation barrier (kBTg)

FIG. 9. Activation barrier distributions at T, for bulk (top) and surface (bot-
tom) of glasses. The contributions of «- (dashed blue) and 8- (dashed red)
relaxations to the total distribution (solid black) are shown. The gray region
highlights our accessible range of barriers for HfB,, which has a very high
putative glass transition temperature.
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RFOT theory predicts that in the bulk «-relaxation orig-
inates from compact clusters while B-relaxation originates
from more string-like cooperative regions.'*!> On the glass
surface, we observe dynamics of a-relaxation-like compact
clusters deep below Tg, but with an activation barrier that lies
in the tail of the S-relaxation distribution. String-like collec-
tive relaxations attributed to collective S-relaxation have also
have been seen in simulations, and Kinetic facilitation mod-
els propose “collisions” of string-like relaxors to reduce strain
and facilitate global motion. We do not observe events such as
these at all in our experiments. We postulate that on the glass
surface, string-like clusters have more freedom to reconstruct
to more compact shapes, thereby minimizing surface tension
while retaining high mobility (low friction with the matrix
= low barriers). In our view, a-like shapes combined with §-
like low barriers would be universal at the glass surface. If
so, our past experiments sampling barriers in the higher free
energy 10-15 ky T, range®>*2 were looking at the S/« cross-
over region in Fig. 9. It will be interesting to see what detailed
thermodynamic and kinetic models developed specifically for
the glass surface will say. Experiments in turn can explore a
wide range of barrier heights in units of kg T, by picking glass-
formers with a wide range of glass transition temperatures.
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