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Spectroscopy of voltage dependence of oxygen movement in YBa2 Cu3 O7À ␦
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Injection of few-volt electrons at room temperature can displace oxygen atoms in the lattice of yttrium
barium cuprate 共YBCO兲. The metal cladding of a near-field scanning optical microscope 共NSOM兲 probe tip is
used as a tunnel electrode for locally injecting the electrons with controlled energies. The NSOM optical signal
is used to detect changes in the local oxygen concentration. The data support bond breaking in a FranckCondon-like effect causing enhanced diffusion of oxygen atoms in the lattice. The voltage dependence is
consistent with the band structure of YBCO.
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The movement of atoms induced by electron motion—
electromigration or electron-induced motion 共EIM兲—has
been studied in many systems.1– 6 There are a few possible
processes by which EIM can occur. In the case of the classic
electron-wind mechanism,1,2,5,6 the atom motion is in the
same direction as the current. We show here that this is not
necessarily the case when few-eV electrons are used. In this
case, a local electron interaction enhances the diffusion of an
atom. Its motion is directed by the concentration gradient
independent of the direction of electron injection. Naively,
this localization of an electron interaction in a conductor
seems unlikely, but it will occur when the electron can excite
a carrier from a localized state on the atom rather than from
the extended conduction states. The excitation places the
atom in an unstable configuration, a Franck-Condon-like excitation, and the atom can move before relaxation if a vacancy is adjacent. Excitation from a localized state entails a
threshold energy for the injected electron, which we measure
for the case of oxygen motion in yttrium barium cuprate,
YBa2 Cu3 O7⫺d 共YBCO兲. It is interesting that the motion of
oxygen described here shares many of the same qualitative
features as the motion of vacancies in gold films with injection of few-eV tunnel electrons.4,7–9 Both have energy
thresholds, related to their respective band structures. Both
exhibit atomic motion towards and away from the tunneling
tip, underlining the diffusivity enhancement, not directed
motion, of the effects. The EIM is limited to a single grain in
both cases, indicating that few-eV electrons are scattered
strongly at grain boundaries in quite disparate materials.
There are differences, however. The topographies of the gold
films change dramatically as the atoms move, whereas the
oxygen atoms in YBCO move in a fixed lattice resulting in
no detectable topographic change.3 Only one component—
the oxygen—in YBCO moves, whereas all the gold atoms
are subject to displacement. This paper identifies the EIM
mechanism and illustrates the properties noted above for
YBCO, with detailed studies of the dosage (current⫻time)
and spectroscopic 共injected electron energy兲 dependence of
oxygen motion.
The EIM of oxygen in YBCO results in changes in its
superconducting properties, since they depend on the oxygen
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concentration.10,11 The motion of the oxygen in YBCO is not
surprising, since it is known to be mobile at elevated temperatures 共450 °C兲, as used for annealing.12 We have shown
in prior studies that it can be induced to move rapidly at
room temperature by classic electromigration10 or electroninduced migration.3,13 To better understand the mechanism of
oxygen movement in YBCO while avoiding complications
due to grain boundaries, we use a near-field scanning optical
microscope 共NSOM兲. The metal cladding of the NSOM
probe provides a scanning tunneling microscope 共STM兲 tip
to pull 共inject兲 electrons from 共into兲 an industrial quality
sample of YBCO. This induces movement of oxygen. We
have shown that a reflection-mode near-field scanning optical microscope can be used to image oxygen concentration
variations in YBCO.3 Optical NSOM images taken before
and after EIM are compared to eliminate the native background oxygen concentration variations and determine that
oxygen has moved in the lattice and where the movement
occurred.
The complete sample preparation description and a summary of the sample properties have been given.3,14 The
sample set included laser ablated thin films and reactively
coevaporated thin films. Topographic scans of the laser ablated samples showed a grain size on the order of 250 nm
versus a grain size of 200 nm for the coevaporated thin films.
The samples were studied using a near-field scanning optical
microscope as diagrammed in Fig. 1. Light from a
Nanophase 532-nm, 1-ns, 6-mW, pulsed laser was coupled
into an optical fiber terminated with an NSOM metal clad

67 180506-1

FIG. 1. Schematic of microscope setup.
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probe. The probe illuminated the sample, and the reflected
light was focused by an aspheric lens onto a photomultiplier
tube 共PMT兲. The output current of the PMT was preamplified
with 106 V/A, further amplified 100 times, and filtered to 10
Hz. The noise floor of the system corresponded to the signal
from a sample with a reflectance of approximately 10⫺4 . The
NSOM instrument is similar to one described previously,15
except that a stepper motor with a motion-reducing lever arm
drives the coarse approach and a quartz crystal tuning fork16
is used for topographic feedback. For EIM we used the following procedure:—the laser was turned off, the tip moved
to the preselected location, feedback shut off and lateral
feedback-dither shut off, a voltage applied to the sample, and
the tip brought towards the sample until the desired tunnel
current was measured on the metal clad probe. This state was
maintained for the duration of the EIM, with slight manual
adjustments to maintain the approximately constant 共and recorded兲 tunnel current. The use of tunnel current feedback
during the EIM was tried, but found not to be required for
our thermally insulated, stable NSOM. Upon completion of
the EIM, the probe was retracted from the surface and shearforce distance feedback reestablished. Variations in the surface oxygen concentration of YBCO, due to outdiffusion of
oxygen from surface peaks in these c-axis normal films,13
mask the changes induced by the electrons. To eliminate the
initial oxygen variation effects, we take images before and
after each EIM. The images are subtracted to form a difference image that shows the effects of EIM rather than the
native oxygen variations. Since the EIM can take up to an
hour, the microscope can drift. We correct for this by correlating the corresponding topographic images to determine
shift and shifting the images before the subtraction.17 We
also scale 共typically by a few percent兲 the images to correct
for long-term laser drift and changes in optical probe
throughput with wear.
To verify that the EIM does indeed result from electrons
and not electric field, the laser illumination, or local heating,
we performed several tests. Since the usual feedback distance in the NSOM is too far from the surface for a tunnel
current, we can apply a voltage to the tip to create an electric
field on the sample without any tunnel current. We used a
relatively large voltage of ⫺3 V for a total of 30 min. Before
and after optical images showed no changes in the reflectivity implying no changes in the oxygen concentration. As
usual, the topography was also unchanged. The effect of laser illumination was checked by examining the before, after,
and difference images corresponding to laser illumination in
one spot for 30 min. We saw no changes for either the red or
green light. This result is expected to be wavelength dependent. The energy of the green light is 2.33 eV/photon, which
is larger than the threshold energy measured from tunneling
electrons, so one might expect an effect. The lack of a
photon-induced excitation likely results from selection rules
and lack of available energy levels. Effects due to local heating of the sample from either the laser light when scanning
or from the tunnel electrons during the electron induced migration can be ruled out by an estimation of the temperature
rise. Either source provides a few nanowatts of energy in a
few-10’s of nanometer 共or deeper兲 cube. A relevant three-

FIG. 2. Difference images for EIM at ⫺3 V for 35 min at various tunnel currents. The crosshairs mark the area of oxygen concentration change. 共a兲 1200 nm square image, 0.4 a.u. gray range,
tunnel current: 0.2 nA, percent contrast: 6%, effected spot size: 75
nm; 共b兲 1000 nm square image, 0.5 a.u. gray range, current: 0.5 nA,
contrast: 19%, spot size: 100 nm; 共c兲 1500 nm square image, 0.7
a.u. gray range, current: 2.0 nA, contrast: 26%, spot size: 200 nm.

dimensional 共3D兲 model for diffusion was given by La Rosa
et al.18 Symmetry was used to convert the local energy input
at a surface to a spherically symmetric problem. The steadystate solution for the temperature rise at the origin, ⌬T
⫽2 Pr 2 /k⌬V, can be evaluated for a conservative interaction
volume ⌬V⫽1.25⫻10⫺22 m3 , input power P⫽3 nW, thermal conductivity for YBCO, k⫽1.5 W/Km, and radius r
⫽50 nm to find ⌬T⬃0.08°. This should be compared to the
450 °C used to anneal oxygen in YBCO samples.12 The induced local heating is negligible and is characteristic of the
3D diffusion applicable when the energy input is into a region much smaller than thermal length scales. The possibility
of the effect being an electron-induced oxidation of the surface is unlikely since the region exposed to the tunneling
electrons is more than two orders of magnitude smaller than
the affected region.
The dependence of EIM on electron dose (current
⫻time) is shown in Fig. 2. This representative series of optical difference images 共the after optical image minus the
before optical image after taking into account drift兲 contains
data taken with the same voltage 共⫺3 V兲 and time 共35 min兲,
but with different tunnel currents 共0.2, 0.5, 2 nA兲. The images show increasing spot size 共effect兲 and increasing percent contrast. The whiter regions correspond to increasing
reflectivity 共for electric field normal to the surface兲 hence
increased oxygen content3,19 in the affected region. The medium gray over most of the images is zero or no oxygen
change. Some fluctuations about this, of magnitude less than
in the white-saturated EIM regions, are due to noise in the
differencing process. Some of the larger black areas such as
in 共a兲 may represent real decrease in oxygenation. Percent
contrast is used to quantify the effect and is defined to be the
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SPECTROSCOPY OF VOLTAGE DEPENDENCE OF . . .

FIG. 3. Dose vs percent difference in contrast. As the voltage
increases, the percent difference in contrast for the same dose increases. The limiting value at high dose is due to grain size or full
oxygenation.

maximum optical signal minus the minimum optical signal
divided by the average optical signal. This scaling removes
the effects of long-term laser output drift and throughput
variations with the probes used, allowing a quantitative comparison between different data sets. We have found data
taken with different probes and samples still lie on the
curves. The images show that the oxygen movement depends
on the dose, and Fig. 3 illustrates that the dependence is
linear for small doses for each voltage. The saturation behavior at larger doses results from other effects, primarily grain
size,3 saturation of oxygen sites, or leveling of the oxygen
concentration within the grain volume.
The electron energy, or voltage, dependence is also evident in Fig. 3. The slope of the linear region for the three
voltages shown on the graph increases with magnitude of the
voltage. Not shown on the graph is data at ⫺1 and 0 V,
which resulted in no EIM for the coevaporated samples that
were used for the data in this graph. The voltage threshold
near ⫺1 V for the effect is slightly sample dependent. Although multiple attempts at oxygen movement with ⫺1 V on
the coevaporated samples never produced an effect, we have
seen a small effect at ⫺1 V for samples grown by laser
ablation. This may be due to disorder or defects that reduce
the energy gaps in the laser-ablation-grown samples. The
voltage dependence of the EIM slopes is shown in Fig. 4. It
exhibits a threshold near ⫺1 V followed by a rapid rise, a
possible shoulder, and a continued increase for larger voltages. The error bars were calculated by estimating the error

FIG. 4. Voltage dependence of EIM. The slope increases as the
number of density of state increases.

FIG. 5. EIM with tunnel electron injection. Both images are
2500 nm square. A voltage bias of 3 V injecting a tunnel current of
1.4 nA for 34 min. The optical difference image is shown in 共a兲 with
a 1.2 a.u. gray range, and the optical image taken after the EIM is
shown in 共b兲 with 6.7–7.9 a.u. gray scale. The crosshairs mark the
same position on both images.

of the percent contrast data, which is consistent with that
expected from the linear fits to the data in Fig. 3, and evaluating the error of the least-squares fit slopes. The energy
dependence can be explained in terms of the electron excitation spectra for YBCO evident in the band structure.20 The
essential feature is that it takes about 1 eV to excite an electron from a high density of states below the Fermi level to
one above. The excitation is in a localized state so that it will
not move from atom to atom before the atom has time to
move. The hint of a shoulder in the voltage dependence is
consistent with an energy range of lower density of states
above ⬃ 1 eV until a large number of bands become available at around 3 eV.
The picture of this process is somewhat complicated by
the fact that, at negative voltages, we are pulling electrons
towards the tip rather than injecting electrons into the
YBCO. We can then think of excitation of the near-Fermi
level electrons as an internal-Auger-like process. If the electron that drops to fill the state emptied by tunneling gives its
energy to another electron at the Fermi level, as an Auger
process, the broken bond can put the oxygen atom in an
unstable potential, an antibonding state. When a neighboring
oxygen is absent, this potential will be asymmetric as in a
Franck-Condon-like excitation. If this broken bond is localized long enough for the oxygen to have time to move before
the excitation moves or deexcites, then the electron will induce EIM in a manner similar to electron stimulated
desorption.21 A direct electron scattering process should also
be capable of producing the excitation for EIM. We verify
this with the use of a positive 3-V bias. The difference image
is shown in Fig. 5共a兲 and shows a response that is easily seen
even with the native oxygen variations in the ‘‘after’’ optical
image, Fig. 5共b兲. Another interesting feature of this data is
that the oxygen concentration is increased where the EIM
took place, as it was for negative bias voltages. This underscores that the EIM process fundamentally increases the diffusivity of the oxygen, so that the oxygen atoms move into
regions of lower oxygen content regardless of the direction
of electron propagation. The surface tends to have a lower
concentration due to outdiffusion, forcing oxygen to migrate
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towards the surface and increasing the 共z-polarized兲 reflectivity. The increased diffusivity is not due to a locally higher
temperature, but to a nonequilibrium local electron energy
promotion. The change in percent contrast of the data in Fig.
5 is similar, although slightly smaller than, the value expected for ⫺3 V at the same dose. The reason why the effect
is obvious in Fig. 5共b兲 is probably due to the fact that it, and
not the others shown, was annealed at 450 °C for 30 min in a
90% oxygen, 10% nitrogen environment, which reduced the
variation in surface oxygen content. The cross section for
EIM will also depend upon the sign of the bias voltage.
In summary, measurements of the dose and voltage dependence of EIM in YBCO indicate that the bombardment
by a few-eV electron increases the mobility of oxygen by
breaking a bond or exciting a bonding electron into an antibonding state. If a neighboring oxygen atom is absent, the
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