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Structural Transition in Atomic Chains Driven by Transient Doping
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A reversible structural transition is observed on Si(553)-Au by scanning tunneling microscopy,
triggered by electrons injected from the tip into the surface. The periodicity of atomic chains near the
step edges changes from the 1 X 3 ground state to a 1 X 2 excited state with increasing tunneling current.
The threshold current for this transition is reduced at lower temperatures. In conjunction with first-
principles density-functional calculations it is shown that the 1 X 2 phase is created by temporary doping
of the atom chains. Random telegraph fluctuations between two levels of the tunneling current provide
direct access to the dynamics of the phase transition, revealing lifetimes in the millisecond range.
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Transient, nonequilibrium electronic phases have gen-
erated excitement in both fundamental and applied physics
by providing access to hidden states of matter not acces-
sible by static measurements [1]. Prominent examples
include the formation of excimers [2], photon-induced
cis-trans isomers in molecular systems [3], highly excited
clusters and nanoparticles [4,5], and structural dynamics in
VO, [6]. Time-resolved methods such as pump-probe
techniques provide access to such phenomena. Recently,
it has become possible to resolve cis-trans isomers spa-
tially and to switch individual molecules and molecular
layers on metal surfaces (see Ref. [7] for a review).

To study changes in atomic configuration in real space,
high-resolution microscopy such as scanning tunneling
microscopy (STM) is necessary. The STM tip can serve
as both excitation source and local probe. Tip-induced
excitations of surface structures have been observed in
several previous studies [8—13]. Various excitation mecha-
nisms have been proposed, including strong electric fields
[14], short-range forces [8,15], surface charging [16,17],
and inelastic electron scattering [10]. Current-induced
changes have been reported, such as flipping of asymmet-
ric dimers [9,18,19] and of molecules [20,21], as well as
switching of the local symmetry of a surface reconstruction
[11,17]. These systems typically have two (meta)stable
states separated an energy barrier. The tunneling electrons
(or other excitation sources) provide the energy needed to
overcome the barrier, allowing the system to switch
between states [9,10].

Here we report the observation of a transient excitation
in one-dimensional (1D) atomic chains on Si(553)-Au
from the ground state to a nonequilibrium state. The
Si(553)-Au system has been the topic of intense research
due to its unique electronic and structural properties
[22-31]. Previous studies addressed the static features of
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this surface. Here we inject electrons from the STM tip and
find that the resulting electron doping causes a structural
phase transition at sufficiently high currents. After a char-
acteristic residence time this excited state collapses spon-
taneously by draining the excess charge into the bulk,
allowing the system to relax back to its ground state.
Density-functional theory (DFT) calculations of total en-
ergy versus electron doping indeed predict two phases with
1 X3 and 1 X 2 periodicities, in accordance with the
observations.

Our results enable the study of doping-dependent phase
diagrams in 1D systems, despite the fact that doping of
such systems is notoriously difficult due to the structural
disorder created by the dopants and the associated elec-
tronic localization [32].

The experiments were performed in a commercial low-
temperature STM system (Omicron Nanotechnology)
operated between 7 and 63 K. The surface was prepared
on Si(553) (0.01-0.03 ) cm, p-type) following procedures
in Ref. [33]. This results in a well defined Si(553)-Au
reconstruction with low defect density (Fig. 1).
Electrochemically etched Cr and W tips were used.
Control experiments gave identical results for both tip
materials. All data were recorded with tip-sample voltages
between 1.0 and 1.3 V; no pronounced voltage dependence
was observed.

For the DFT calculations the Si(553)-Au surface was
represented by six layers of Si plus the reconstructed top
surface layer with a 1 X 6 unit cell and a vacuum region of
10 A. Total energies and forces were calculated within the
generalized-gradient approximation of Perdew, Burke, and
Ernzerhof using projector-augmented wave potentials, as
implemented in VASP [34,35]. All atoms were free to move
except the bottom Si layer and its passivating hydrogen
layer. The plane-wave cutoff was 250 eV and the surface
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FIG. 1 (color online). STM topography [(6.0 X 3.3) nm?] at
different temperatures and current set points. For low currents a
1 X 3 structure is observed (left column). The periodicity
changes to 1 X 2 at high currents (right column). With decreas-
ing temperature the transition between the two structures occurs
at progressively lower currents, falling below our experimental
limit at 7 K (c). Near the transition current a mixture of the 1 X 2
and 1 X 3 structures is visible, resulting in an apparent 1 X 6
periodicity [inset to (b), (3.2 X 6) nm?].

Brillouin zone was sampled using a 2 X 4 grid. The ground
state of the neutral system has 1 X 3 periodicity along the
Si step edge and exhibits a metastable 1 X 2 state with
higher energy. The change in energy of these initial phases
upon electron doping was determined by systematically
varying the doping level and, at each level, fully relaxing
the structure. The doping was done in two different ways
with identical results: implicitly, by adding electrons to the
system with a compensating uniform background charge;
and explicitly, by substitutional doping on either the passi-
vating hydrogen sites or on bulklike Si sites.

The left-hand side of Fig. 1(a) shows the STM topogra-
phy of Si(553)-Au at 60 K and low current (2 pA). Bright
protrusions with 1 X 3 periodicity are visible on the Si step
edges, in agreement with earlier studies [26,28]. When
imaged at the same temperature with higher current
[2 nA; see the right-hand side of Fig. 1(a)], the surface
undergoes a reorganization to a new periodicity of 1 X 2
which is slightly displaced by = 1 A towards the adjacent
Au chain on the same terrace. These findings confirm
previous observations of both periodicities near the Si
step edges [26] but in addition suggest that the surface
can be switched back and forth between these phases by
varying the tunneling current. Figure 1 shows that this
effect is not restricted to a particular location but is
observed over extended areas. At intermediate currents a
gradual transition of 1 X 3 to 1 X 2 is observed (see the
movie in the Supplemental Material [36]) in which the
topography can be described by a linear combination of

the low and high current phase [37]. At slightly lower
temperature the same transition occurs at lower currents
[see Fig. 1(b)] while at 50 K a current considerably below
1 pA is needed to observe the 1 X 3 structure [see the left-
hand side of Fig. 1(b)]. For example, at 2 pA a significant
admixture of the 1 X 2 phase is present, resulting in an
overall 1 X 6 appearance [see the inset in Fig. 1(b)] [38].
At much lower temperatures [see Fig. 1(c)], the 1 X 2
phase is triggered even by the lowest current available in
our experiment. At a given temperature, the 1 X 2 phase is
always observed at higher currents while the 1 X 3 phase is
observed at lower current (if it is accessible). Hence the
1 X 2 phase represents an excited state of the the 1 X 3
ground state. The excitation probability increases with
decreasing temperature. Rapid fluctuations occasionally
found in STM images (see the Supplemental Material
[36]) suggest that the surface structure quickly switches
between the two states. STM images without apparent
fluctuations correspond to a time average of the contribut-
ing states [see the inset of Fig. 1(b)].

The dynamics of the phase transition are revealed by
time dependent changes in the current due to differences in
the apparent topography. Figure 2(a) shows that the tran-
sient current, at constant tip-sample separation (i.e., feed-
back loop disabled) atop a bright protrusion of the 1 X 3
reconstruction, exhibits a random telegraph signal (RTS)
on a time scale of milliseconds, confirming the dynamic
nature of the phase transition. Figure 2(b) shows current
histograms for different average tunneling currents. They
consist of two distinct Gaussian peaks. Their horizontal
separations represent the mean amplitude of current fluc-
tuations while their widths arise from Gaussian noise in the
current. A RTS is fully characterized by its amplitude and
the average lifetimes (inverse excitation or decay rate) ()
and (7,) of the ground and excited state, respectively. The
ratio {7,)/{7o) corresponds to the ratio of the areas A, and
A, under the Gaussian peaks [see Fig. 2(b)]. Here we
identified which transient current magnitude corresponds
to the ground and excited state by noting that with increas-
ing average tunneling current, the fraction of time the
system resides in the excited state should increase. Peak
A, therefore corresponds to the excited state, and peak A,
to the ground state. This implies that the topographic
change due to the transition to the 1 X 2 state (as measured
above the bright protrusions of the 1 X 3 state) results in a
decreased current; this explains why peak A, is to the left
of peak Ay.

More detailed information on the underlying mechanism
of the fluctuations can be obtained from the dependence of
(7o) and (7,) on the current. Statistical analysis of the time
traces, using a threshold method similar to the one in
Ref. [39], and exponential fitting of the residence time
distributions in ground and excited states [see Fig. 2(c)]
for different currents, yields the dependence shown in
Fig. 2(d). Interestingly, (7,) decreases as a function of
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FIG. 2 (color online).
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(a) Time dependence of the tunneling current (black) at a fixed tip position above a bright protrusion of the

1 X 3 structure at 63 K. Two distinct levels are evident, corresponding to the 1 X 3 and 1 X 2 phases of Si(553)-Au. The red curve
represents the result of a threshold analysis. (b) Histograms of the transient tunneling current for different average currents (/). The
lifetimes (7()/(7,) are determined from cumulative histograms of the residence times for the ground and excited state as illustrated for
(I) = 43 pA in (c) and plotted versus the average current (I) in (d). At (/) = 35 pA the lifetime of the ground state ({7,), green) falls
below that of the excited state ({7;), black). While (7,) decreases with (I, (7,) remains constant, reflecting the spontaneous decay of

the excited 1 X 2 state into the 1 X 3 ground state.

tunneling current whereas (7;) remains essentially con-
stant. Hence the excited state has a constant lifetime,
irrespective of the tunneling current, and thus shows mono-
stable behavior. This implies that there is no energy barrier
for the decay of the excited state into the ground state. This
is quite different compared to other surface phases, ana-
lyzed in Refs. [7,9,40], for which the STM-induced meta-
stable states exhibited finite barriers to decay.

Doping is known to play a crucial role in determining the
detailed structure of atomic chains [41]. This fact moti-
vates the following scenario to explain our experimental
observations. Electrons tunnel from the tip into the sample
and have a finite probability to temporarily dope the sur-
face electronic system. This doping destabilizes the origi-
nal 1 X 3 ground state, which reorganizes into a 1 X 2
phase [42]. The injected charge has a finite residence
time and is eventually drained into the bulk. As a result
the system relaxes to its ground state, where it remains
until the next doping process.

This scenario is consistent with all our experimental
observations. The decrease of the time constant (7,) with
current results from the increased frequency of excitation,
while (7,) depends only on the decay mechanism and thus
is independent of the current [43]. Despite the very differ-
ent excitation mechanism, this aspect of Si(553)-Au is
reminiscent of optical excitation in molecular excimer
systems, for which the excitation rate is dependent on light
intensity while the decay rate is not. This difference results
in a saturation of the excited state occupancy at high

intensity. The excited state also bears a resemblance to a
polaron, where the structure relaxes as a consequence of
the presence of a charge.

In our scenario the fluctuations arise from fast switching
between the 1 X 3 and 1 X 2 phases. Consequently, sig-
nificant fluctuations of the tunneling current at constant tip
height are only expected on locations in the Si(553)-Au
structure where the difference in apparent height between
1 X 2and 1 X 3is large, i.e., atop the bright protrusions of
the 1 X 3 phase. The most pronounced fluctuations are
indeed detected at these sites (see the Supplemental
Material [36]).

For charge injection, the excitation rate should depend
primarily on the current, and exhibit only a weak tempera-
ture dependence. For the charge decay, however, different
temperature-dependent mechanisms may exist. Phonon
scattering may assist the coupling of excess charge in the
surface states with the bulk band structure. Another mecha-
nism is the bulk conductivity: an isolated excess charge
may only decay if the surrounding bulk material has finite
conductivity, which is a strong function of temperature due
to the freeze-out of charge carriers in the semiconducting
substrate at low temperatures [16,17]. In that case the
transition current is expected to depend on the doping
concentration. Although determining the dominant mecha-
nism of charge decay on Si(553)-Au is beyond the scope of
this work, in both cases (phonon scattering and freeze-out
of charge carriers) a strong increase of the lifetime (7,) is
expected for lower temperatures [44]. This results in both
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FIG. 3 (color online). Relative total energy of the 1 X 3 (red)
and 1 X 2 (blue) phase as a function of electron doping. Above a
doping level of ~2 X 103 cm™2 the 1 X 2 phase becomes
energetically preferred. The arrows indicate the changes of the
doping level that cause switching between the two phases.

lower fluctuation rates and a lower transition current, as
observed in the experiment (compare Fig. 1).

Our scenario of a charge-induced phase transition is also
supported by DFT investigations of the behavior of
Si(553)-Au in the presence of excess charge. Figure 3
shows the change in surface energy of the 1 X 3 and
1 X 2 phases reported in Ref. [25], as a function of excess
electronic charge added to the neutral surface [45]. At zero
and low doping concentrations the 1 X 3 phase is most
stable, as previously shown [25]. With increasing electron
doping the 1 X 3 phase becomes progressively less favor-
able while the 1 X 2 phase becomes more stable. Above an
excess electron concentration of ~2 X 103 cm™2 the 1 X 2
phase is energetically preferred [46]. Upon further increas-
ing the doping, the 1 X 3 phase becomes unstable and
spontaneously collapses to 1 X 2. This crossover is consis-
tent with our proposed explanation that the observed phase
transition is induced by electron doping.

It is interesting to compare our results to STM-induced
phase transitions in other systems. The phase transition in
Si(553)-Au is dynamic and monostable, with an unusual
temperature dependence resulting in higher excitation
probabilities at lower temperatures. A similar dependence
on current and temperature has been observed on
Sn/Ge(111) [11]. Contrasting with our observations where
the current-induced 1 X 2 phase does not appear elsewhere
in the phase diagram, the low temperature phase on
Sn/Ge(111) exhibits the same /3 X /3 appearance as
the room temperature phase which is known to be a fluc-
tuating 3 X 3 phase [47-49]. Furthermore, the fluctuation
rate on Sn/Ge(111) remains almost constant below 20 K
[53]. For Si(553)-Au the fluctuation rate approaches zero
for both high and low temperatures because the system is
always driven to one of the two phases. These differences

suggest that the phase transitions in Si(553)-Au and
Sn/Ge(111) are governed by fundamentally different
mechanisms. Despite these differences, the similar current
and temperature dependence of the surface symmetry as on
Sn/Ge(111) and our identification of a novel mechanism
underlying the current induced surface instability may shed
light on related nonequilibrium effects observed on, e.g.,
Sn/Ge(111) or Si(100) surfaces.

In summary, -current-induced random telegraph
switching is observed between two phases of chains on
Si(553)-Au. Analysis of the statistical characteristics of
this switching gives the lifetimes of the two phases. An
analogy is found to photon-induced structural transitions
such as excimers, where the dynamics is not dominated by
conformational energy barriers but by the lifetime of
the electronically excited state. Together with density-
functional theory a scenario is proposed in which electrons
injected by the STM tip cause transient doping of the
atomic chains, temporarily stabilizing a nominally
higher-energy phase for doping levels above a threshold
value. Such transient doping by electron injection from a
STM tip provides access to hidden 1D phases that cannot
be investigated by conventional atom doping. Extra dopant
atoms interrupt an atom chain, thereby causing a strong
perturbation of the surrounding chain sections [32,54]. The
doping method practiced here is less disruptive and allows
continuous doping. It may be viewed as analog to the static
electron transfer by indirect doping of two-dimensional
cuprates, ruthenates, and other complex oxides. Those
have produced many exciting results [55], which may be
transferable to 1D using transient doping.
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