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Abstract

Project Code : MRG5380032
Project Title : Surface and Bulk Electronic Structure of Strontium Titanate, SrTiO3: the
Classic Superconductor and the New 2D-Electron-Layer Host
Investigator : Dr. Worawat Meevasana, School of Physics, Suranaree University of
Technology
E-mail Address : worawat@g.sut.ac.th
Project Period : 2 years

Here we are interested strontium titanate (SrTiO3;) which has many bulk
properties such as high dielectric constant (e.g. in order of 10,000 at low temperature)
and exhibits superconducting state (which was discovered for the first time, among
oxides). In 2004, it was discovered that two-dimensional electron gas (2DEG) could
occur at the interface between SrTiO; and LaAlO5. This 2DEG displays novel electrical
and magnetic properties beyond conventional semiconductors. In trying to understand
these properties, we therefore study both the surface and bulk electronic structures of
SrTiO5; by using angle-resolved photoemission spectroscopy and also the surface
electrical conductivity; the experiments were performed both in Thailand and aboard.

From the measured bulk electronic structures of 1% and 5%-doped samples, we
found that they are mostly in agreement with the calculation, except the unexpected
moderate coupling between electrons and phonons (el-ph coupling). This finding helps
highlighting the difference of el-ph coupling between band and Mott insulators. From the
surface electronic structure, we find that 2DEG states could occur at the bare surface of
SrTiO5; under intense synchrotron light; the electron density could also be varied by
applying different irradiation doses. This method may be used as a fast and inexpensive
way to create 2DEG pattern in new-generation electronic devices. Besides this, we also
found that surprisingly both signature of strong interactions and light effective mass
coexisted; this interesting coexistence should be subjected for further investigation.
Additional to these studies, there are also the other two studies: copper-oxide and
graphene which were partially funded by this grant.
Keywords : Strontium titanate, electronic structure, angle-resolved photoemission

spectroscopy, electron-phonon coupling, and two-dimensional electron gas.
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Creation and control of a two-dimensional
electron liquid at the bare SrTiO3 surface

W. Meevasana>34°7, P, D. C. King37, R. H. He"?¢, S-K. Mo'¢, M. Hashimoto"®, A. Tamai?,
P. Songsiriritthigul*°, F. Baumberger® and Z-X. Shen"?*

Many-body interactions in transition-metal oxides give rise
to a wide range of functional properties, such as high-
temperature superconductivity', colossal magnetoresistance?
or multiferroicity®>. The seminal recent discovery of a two-
dimensional electron gas (2DEG) at the interface of the
insulating oxides LaAlO; and SrTiO; (ref. 4) represents an
important milestone towards exploiting such properties in
all-oxide devices®. This conducting interface shows a number
of appealing properties, including a high electron mobility*®,
superconductivity’ and large magnetoresistance®, and can
be patterned on the few-nanometre length scale. However,
the microscopic origin of the interface 2DEG is poorly
understood. Here, we show that a similar 2DEG, with an
electron density as large as 8 x 10 cm~2, can be formed
at the bare SrTiO; surface. Furthermore, we find that the
2DEG density can be controlled through exposure of the
surface to intense ultraviolet light. Subsequent angle-resolved
photoemission spectroscopy measurements reveal an unusual
coexistence of a light quasiparticle mass and signatures of
strong many-body interactions.

It has been known for decades that strong electron correlations
in oxide materials give rise to a rich variety of electronic phases,
which are highly susceptible to small changes of control parameters.
Although this situation is ideal for applications, the potential
of all-oxide electronic devices had been questioned until very
recently. Indeed, it was thought that the chemical complexity of
most oxides would yield devices much inferior to those based
on conventional semiconductors®. A paradigm shift came when
unprecedented control of the complex LaAlO;/SrTiO; interface
was demonstrated*, leading to the formation of a high-mobility
electron gas®. The carrier density and sheet conductivity of the
interface 2DEG react sensitively to gate fields and it was successfully
patterned on the nanoscale’, which is central to the development of
oxide electronics'®. However, a full understanding of the origin of
this 2DEG remains elusive. The two main contenders are oxygen
vacancies at the interface!™'?, and an electronic reconstruction
to avoid a polar catastrophe*". Distinguishing between these
mechanisms is an essential step in the development of a new
generation of all-oxide devices.

Here, we show that a similar 2DEG can be created at the bare,
unreconstructed SrTiO; surface. Furthermore, we demonstrate
control of its carrier density through exposure to intense
ultraviolet radiation. Figure 1 shows angle-resolved photoemission
spectroscopy (ARPES) data from the cleaved (001) surface of
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Figure 1| Observation of a surface 2DEG on SrTiOs after exposure of the
cleaved (100) surface to synchrotron (ultraviolet) light. a,b, ARPES data of
LaySr1_xTiO3 (x=0.001) at T=20K (a), with corresponding momentum
distribution curves (b). The sample has been irradiated with ~480 J cm—2
ultraviolet light of 55 eV with an intensity of ~0.34 W cm~2. The ARPES
data are taken in the second Brillouin zone using the same photon energy.
The dashed lines in b are parabolic fits to the data points (symbols)
extracted from the ARPES data; the green and blue curves have effective
masses of ~0.6 and 0.5me, respectively. ¢, Fermi surface map, taken on a
different sample following the same preparation. Two concentric circular
Fermi surface sheets (symbols) are visible. d, The schematic Fermi surface
and band dispersions obtained from the measured electronic structure.

0.1% La-doped SrTiO;(001) following exposure to ultraviolet
synchrotron light. At least two electron-like band dispersions
can be observed from the ARPES data (Fig. 1a,b). The shallower
band, with Fermi wave number kz = 0.12A~!, and deeper band,
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Figure 2 | Variation of 2DEG charge density with exposure to different ultraviolet irradiation doses. a-h, ARPES data for the specified irradiation doses
(a-e,gh), and the corresponding 2DEG charge densities as a function of irradiation dose, D (f). g and h show ARPES data measured immediately after b

and e, respectively, but with a lower intensity of the probing photon beam.

with kg = 0.175 A=, have their band bottoms situated ~110 and
216 meV below the Fermi level, respectively. We have investigated
the dimensionality of the induced electronic system by varying
the photon energy, and thus probing the band dispersion along
k, (surface normal). Supplementary Fig. S2 shows that the states
have negligible dispersion along k,. This is the defining property
of a two-dimensional (2D) electronic state whose wavefunction is
confined along the z-direction to a layer of comparable thickness to
the Fermi wavelength. In addition, these bands cannot be associated
with the bulk electronic structure: the photon energy used to record
the data shown in Fig. 1 corresponds to k, of approximately 3.27t/a
(ref. 14), close to the Brillouin zone boundary where no bulk bands
exist in the vicinity of the Fermi energy, even for samples with
more than an order of magnitude higher bulk carrier density than
those measured here. Consequently, we attribute these states to a
surface 2DEG.

To obtain the surface charge density, we extract the Luttinger
area from the Fermi surface map shown in Fig. 1c. Two concentric
Fermi surface sheets are observed, corresponding to the two
dispersions in Fig. la. The intensity variation across the measured
Fermi surface is due to pronounced matrix element effects. The
charge density n,p from each concentric sheet can then be estimated
by n.p = k?/27, allowing the total surface charge density to be
determined as 7.142 x 10" cm™2. This value falls within the range
of the 2DEG densities observed at LaAlO;/SrTiOs interfaces”!!2.
The effective masses extracted from parabolic fits to the two
measured dispersions (Fig. 1a) yield surprisingly low values of
0.5-0.61m1,, substantially lower than the bulk band masses. This will
contribute to the high electron mobility*.

Furthermore, as shown in Fig. 2, we find that the 2DEG density
is not fixed to one particular value, but can be varied by exposure
of the cleaved surface to different irradiation doses of ultraviolet
light. We found no evidence of any 2DEG states from initial
ARPES measurements of the freshly cleaved surface, indicating
that the 2DEG forms only after exposure to ultraviolet light.
Following exposure to 55 eV ultraviolet light for an irradiation
dose of ~32] cm™2 (Fig. 2a), we observe a single shallow band with
kg ~0.1 A~" and a band bottom ~60 meV below Ez. On increasing
the irradiation dose, this band moves downwards, to higher binding
energies, with a second band becoming visible between the first
band and the Fermi level. The k positions and occupied bandwidth
of these two bands continue to increase slowly with further increases
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in irradiation dose. The corresponding surface charge densities
extracted from the measured bands are plotted in Fig. 2f, revealing
a monotonic increase in 2DEG density with increasing irradiation
dose. Therefore, the method used here provides a controllable
means with which to modify the 2DEG density.

We note that Fig. 2g and h, which are measured immediately
after Fig. 2b and e, respectively, but with a lower intensity of the
probing beam (I =0.06 W cm~2), show identical band dispersions
within experimental accuracy. Similar results have been obtained
for spectra taken up to an hour after irradiation with an intense
ultraviolet beam (not shown). This demonstrates that the 2DEG
reported here is a ground-state property of the ultraviolet-irradiated
SrTiO; surface. Hence, its origin must be fundamentally different
from photocarrier doping effects, which have characteristic life-
times of the excited states <1 ms at low temperature'”.

It is clear, therefore, that the irradiation by ultraviolet light
mediates a change in the surface of the SrTiOj;, which consequently
induces the 2DEG. Clear (1 x 1) low-energy electron diffraction
patterns observed both before and after the ultraviolet exposure
indicate that the surface does not reconstruct during this process
(see Supplementary Fig. S1). Therefore, creation of a surface 2DEG
brought about by a change in the intrinsic surface state distribution
due to surface reconstruction can be ruled out. This indicates that
extrinsic states, such as donor-like defects or adsorbates, induce
the 2DEG. In particular, oxygen vacancies localized at the surface
would be expected to lead to a surface electron accumulation, with
charge neutrality requiring the creation of an electron 2DEG to
screen the positive surface charge of such ionized defect centres.
Experimental studies on LaAlO;/SrTiOs interfaces'"!'> have shown
that oxygen vacancies can be created during the sample preparation
process under low oxygen pressures. Here, we suggest that exposure
to intense ultraviolet light in ultrahigh vacuum causes oxygen
desorption from the surface. Such a photon-induced chemical
change was previously observed in photoluminescence spectra
of SrTiO; following irradiation with 325nm laser light'®, where
a sub-bandgap luninescence peak, growing in magnitude with
increasing irradiation, and stable for some time following the
irradiation, was assigned to photo-induced oxygen vacancies. This
is consistent with an increased in-gap defect state (ref. 17 and
references therein) that we observe at ~1.3 eV below the Fermi level
in angle-integrated photoemission spectra following the ultraviolet
exposure (see Supplementary Information).
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Figure 3 | Calculations of quantized 2DEG states within a band-bending model?°. a,b, The calculations yield quantized 2DEG states (solid lines in a)
inside the potential well caused by the downward bending of the conduction band minimum (solid line in b) relative to the Fermi level, when approaching
the surface of the material. €, The corresponding 3D charge density variation as a function of depth, z. We note that in the calculation, there are three
additional shallow states that are not clearly observed in the data. It is possible that these states exist in the data but are suppressed owing to a
combination of matrix element effects and broadening due to finite k, dispersion of the shallow states. These considerations are supported by the

observations from InAs (Fig. 4b), as well as other semiconductors2428

deeper ones.

We cannot exclude that this in-gap state could also arise from
adsorbed impurities such as hydrogen, which could themselves
provide the required donor-type surface states, as discussed in
the Supplementary Information. However, irrespective of the
exact microscopic identification of the defects causing the charge
accumulation, the results presented above demonstrate that it
is not necessary to have an interface with the polar surface of
another material to obtain a 2DEG at the surface of SrTiOs.
Indeed, we find that extrinsic mechanisms are sufficient to induce
a ground-state 2DEG of the same density. Apart from obvious
advantages for their spectroscopic investigation, the methodology
employed here to create such a 2DEG offers potential for the
realization of new schemes in oxide electronics. Although existing
approaches have the ability to pattern the spatial extent of the
LaAlO;/SrTiO; interface 2DEG (refs 9,18), our work opens the
way to spatial control of its ground-state density by employing
focused light. Furthermore, ultraviolet interference patterns could
be used to allow much faster parallel nanoscale patterning of the
2DEG. This should not be specific to the surface of SrTiOs, and
could be employed for creation of surface 2DEGs across a range
of oxide materials. The scheme should also be useful to write
surface charge on LaAlO; by desorbing oxygen. For a thin layer
of LaAlO; grown on SrTiO;, charge localized at the surface of the
LaAlO; is thought to provide the mechanism for writing of metallic
lines at the LaAlO; /SrTiO; interface using conducting atomic-force
microscopy'®. Writing of surface charge on the LaAlO; layer using
ultraviolet interference patterns could therefore be an attractive
route towards efficient processing of a high-mobility modulation-
doped 2DEG, patterned at the nanoscale.

To further characterize the 2DEG created here, we adapt a
model originally developed for conventional semiconductors®.
The charge resulting from surface- (or indeed interface-) localized
oxygen vacancies induces a spatial redistribution of bulk carriers in
the vicinity of the surface/interface, correlated with a bending of the
electronic bands relative to the Fermi level. If the potential well cre-
ated by this band bending is sufficiently deep, it causes the conduc-
tion band states to become quantized into 2D sub-bands. We have
carried out coupled Poisson-Schrodinger calculations® for such a
band-bending scenario. Incorporating an electric-field dependence
of the susceptibility?! within our model, we find that the downward
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, where shallow states of a surface quantum well are more smeared out than the

band bending in SrTiO; (Fig. 3b) is indeed very rapid. This leads
to a narrow 2DEG (Fig. 3¢) in a 3D crystal due only to the strength
of the internal electric field. Its lowest sub-band is localized within
~24 unit cells from the surface and is followed by a series of higher
sub-bands with wavefunctions that progressively extend deeper into
the bulk (see Supplementary Fig. S4). As shown in Fig. 3a, these
sub-bands effectively reproduce the two main dispersions observed
in the ARPES data, confirming that the states observed here can
broadly be described as the quantum-well states of a surface 2DEG
resulting from a downward band bending. The additional weakly
bound states found in the calculations at lower binding energies are
not resolved experimentally. This is possibly due to low matrix ele-
ments for shallow quantum-well states, which generally have small
amplitudes of the wavefunction in the near-surface region probed
by ARPES, as shown in Supplementary Fig. S4. Furthermore, as the
wavefunctions of these shallow states expand over a much larger
depth than the more localized deeper states, the shallow states might
start dispersing in k,, causing them to become smeared out in the
ARPES measurements, possibly beyond our detection limit.

Our model does not take intra-unit-cell potential variations
into account, thought to be important for the relatively local
Ti 3d states. Nonetheless, it is in good qualitative agreement
with density-functional theory calculations for the LaAlO;/SrTiO;
interface??, which report a similar reconstruction of the electronic
structure in the 2DEG into a ladder of sub-bands. The lowest of
these was identified as an in-plane Ti d,, state largely localized
on the interfacial TiO, layer, whereas the charge density from a
series of higher-lying d,, states appeared spread out over several
layers in the calculation. In addition, these authors found d,,-
and d,,-derived states with strongly elliptical Fermi surfaces and
high effective masses for transport along x and y, respectively.
In the present case, we observe only two concentric isotropic
Fermi surfaces of light carriers, which we attribute to the lowest
members of a ladder of d,, states. However, we cannot rule out
the additional presence of heavy d,,/,, bands in the surface 2DEG,
because their intensity would be suppressed relative to d,, states
in the experimental geometry and polarization employed here. In
addition, the Fermi level in our experiment lies closer to the lowest
sub-band minimum than in density functional theory calculations*
for the LaAlO;/SrTiO; interface, and so the d,,,, states, if present,
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Figure 4 | Comparison of ARPES data from SrTiO3, InAs and Bi,Sr,CuOg samples. a,b, 2DEG states at the surface of SrTiO3 (a) and InAs (b). ¢, ARPES
data from the single-layer cuprate Bir SroCuQOg (Bi2201) along (s, 0) to (O, ). The lines in a and b are parabolic dispersion relations, to guide the eye, and

the result of a local density approximation band-structure calculation in c.

should be quite shallow and hence extend deep in the bulk, which
would reduce their intensity in ARPES.

Although most conventional semiconductors exhibit a depletion
of charge carriers at the surface, a small number have themselves
been observed to support a surface 2DEG, concomitant with
a downward band bending (ref. 23 and references therein).
Comparing the 2DEG states from one such example, InAs (ref. 24)
shown in Fig. 4b, with those of SrTiO; observed here (Fig. 4a),
reveals a qualitative similarity between the two materials. This
further confirms the validity of the above model. However, some
important differences are also apparent. In particular, there is
pronounced spectral weight in SrTiO; at binding energies much
higher than the band bottom. This effect is absent for the
semiconductor case, but can be seen in ARPES measurements of
other strongly correlated compounds such as the cuprate high-
temperature superconductor Bi,Sr,CuQOg (Fig. 4c; ref. 25). The
non-vanishing spectral weight in SrTiO; implies a finite electron
self-energy at high binding energies, giving direct evidence of
enhanced many-body interactions inherent to the 2DEG states of
SrTiOs;. Hence, the 2DEG here is best described as an electron
liquid rather than an electron gas®. Besides this spectral weight
below the band bottom, we also note that the SrTiO; data show
weak dispersion anomalies (kinks) at a binding energy around
20-30meV and, less clearly, around 70-80 meV below the Fermi
level, which we assign to electron—phonon interactions with a
weaker coupling strength than observed in the bulk.

In systems where electronic correlations play an important role,
the quasiparticles are normally found to be heavy. Intriguingly,
however, the strong electron correlations we observe here do not
lead to a substantial mass enhancement within the 2DEG. In
fact, the effective mass of 0.5-0.6m. extracted from the data is
lower than the lightest bulk band mass of ~m, estimated from
ref. 14. Almost certainly, this will apply to the LaAlO;/SrTiO;
interface 2DEG too, which helps to explain the high electron
mobilities achieved in this system. Although a direct spectroscopic
measurement of the electronic band dispersion within the 2DEG, as
carried out here, has not yet been achieved in the interface systems,
this conclusion is supported by very recent measurements of the
penetration field in front-gated LaAlO;/SrTiO; heterostructures,
where a 2DEG band mass significantly below any of the bulk masses
was inferred”’. We speculate that this unusual behaviour might
be due to an interaction-induced shrinkage of the fundamental
bandgap approaching the surface of SrTiO; (ref. 24). This would
effectively increase the depth of the potential well and hence result in
steeper quantized bands/lighter band masses. If this picture is true,
the surface of SrTiOs, or indeed its interface with LaAlQs, is a rare
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example where many-body interactions have the counter-intuitive
effect of increasing the mobility. A full understanding of this will
require further theoretical and experimental studies. Spectroscopic
investigations of surface 2DEGs, of the form reported here, will
probably prove essential to elucidate the fundamental electronic
structure and underlying role of many-body interactions in oxide
2DEGs, and so will play a major role in the development of
all-oxide electronics.

Received 15 June 2010; accepted 10 December 2010;
published online 16 January 2011
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We observe apparent hole pockets in the Fermi surfaces of single-layer Bi-based cuprate super-
conductors from angle-resolved photoemission. From detailed low-energy electron diffraction measure-
ments and an analysis of the angle-resolved photoemission polarization dependence, we show that these
pockets are not intrinsic but arise from multiple overlapping superstructure replicas of the main and
shadow bands. We further demonstrate that the hole pockets reported recently from angle-resolved
photoemission [Meng et al., Nature (London) 462, 335 (2009)] have a similar structural origin and are
inconsistent with an intrinsic hole pocket associated with the electronic structure of a doped CuO, plane.

DOI: 10.1103/PhysRevLett.106.127005

The pseudogap is one of the defining properties of the
hole-doped high-T, superconductors [1]. Understanding its
origin is widely regarded as a key to unravelling the
mechanisms of the high transition temperature supercon-
ductivity in these materials. While above the pseudogap
temperature 7™ a large closed Fermi surface characteristic
of ordinary metals is observed [2,3], at temperatures below
T* angle-resolved photoemission (ARPES) measurements
have long revealed disconnected Fermi ‘‘arcs,” centered
around the (0, 0) — (77, 77) nodal direction [2,4-6]. Only
recently, it has been claimed that distinct closed hole
pockets can be observed by ARPES at particular compo-
sitions of the Bi,Sr,_,La ,CuOg4;s (La-Bi2201) cuprate
[7]. While this would be qualitatively consistent with the
demonstration of quantum oscillations in underdoped cup-
rates, indicative of small closed pockets in a high field
[8-13], it remains unclear how it can be reconciled with
numerous earlier ARPES studies.

A key difficulty is the structural complexity of Bi-based
cuprates. They possess an orthorhombic lattice distortion
[14], which is likely the origin of the so-called shadow
Fermi surface [15-18]. In addition, they are prone to single
[14,18,19] or even multiple [20] superstructure modula-
tions along the crystallographic b axis. These additional
periodicities arise from a slight lattice mismatch between
the BiO and CuO, planes and cause diffraction replica
(DR) of electronic bands [21].

Here, we combine an extensive k-space survey of the
Fermi-surface topology of La-substituted Bi2201 with a
detailed structural analysis, in order to separate ge-
neric electronic effects from DR. We show that large

0031-9007/11,/106(12)/127005(4)
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superstructure periodicities of up to 14a,, coexisting with
the already well-established periodicity of = 4.2qa, are
common. Such structural artifacts lead to imitations of
closed Fermi-surface pockets in ARPES measurements.
From their polarization dependence, we demonstrate that
the front and back sides of the pockets derive from the
main and shadow bands, respectively, and do not represent
a single closed portion of Fermi surface intrinsic to the
doped CuO, plane as claimed previously [7].

We investigated optimally (OP) and underdoped (UD)
La-Bi2201 with x = 0.5 (OP30K), x = 0.75 (UD20K),
and x=0.8 (UDI4.5K) and optimally doped
Bi1_7Pb0.35La0.4Sr1_6CuO6+5 [(Pb,La)-B12201, OP35K]
samples. ARPES measurements on La-Bi2201 (Figs. 1
and 3) were performed in the pseudogap phase at
~17.5 K and ~33.5K for UDI4.5K and OP30K
La-Bi2201, respectively, with linearly polarized He-lIa
radiation (hv = 21.22 eV) and a SPECS Phoibos 225
hemispherical analyzer, while the data on (Pb,La)-Bi2201
(Fig. 2) were taken in the superconducting phase at 10 K
with unpolarized light. The angular and energy resolutions
for all measurements were set to 0.3° and better than
20 meV, respectively. All low-energy electron diffraction
(LEED) patterns shown here were recorded at temperatures
between ~7. and ~2T, with an incident electron energy
of 35 eV.

Figure 1(a) shows the Fermi surface of UDI14.5K
La-Bi2201 as measured by ARPES. Fermi arcs are visible
centered around the nodal directions, although their inten-
sity is suppressed along I'-Y due to matrix element effects
which we shall discuss later. Multiple copies of these arcs

© 2011 American Physical Society
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can be observed, separated by ~0.28 A~ along the I'-Y
direction, consistent with DR corresponding to the
established dominant superstructure periodicity of this ma-
terial. In addition, weak features with opposite dispersion
to the Fermi arcs appear to form several small closed
pockets along the nodal direction (white arrows, p;—pa).
These features cannot be observed in optimally doped
La-Bi2201, shown in Fig. 1(b), consistent with the findings
of Meng et al. [7].

In the following, we show that the closed pockets appear
as a natural consequence of structural complications in
La-Bi2201. Lines of periodic diffraction maxima, charac-
teristic of superstructure modulation along the I'-Y direc-
tion, are clearly discernible in the LEED pattern from
OP30K La-Bi2201 [Fig. 1(d)]. From their spacing, the
superstructure vector can be determined as q; = (g;, ¢;) Z
with ¢; = 0.235 = 0.015, in agreement with the DR in
the ARPES and with earlier diffraction studies [22].
Intriguingly, LEED from UD14.5K La-Bi2201 [Fig. 1(c)]
shows not only a similar superstructure vector g, =
0.245 = 0.015 but exhibits yet further diffraction maxima
revealing the coexistence of a second superstructure with
g> = 0.130 = 0.015. In order to demonstrate how these
superstructure periodicities lead to the impression of hole
pockets in ARPES, we first fit a tight-binding model to
the Fermi surface of the main band for each doping [solid
black lines in Figs. 1(a) and 1(b)] and then translate this
band by (7, 77) to describe the shadow band resulting from
the orthorhombic distortion. Finally, we add umklapp

(a) UD14.5K ¢ (b) OP30K

q UD14.5K ©)

bands, that is, DR of the main and shadow bands, with the
q; vectors determined independently from LEED. Without
any further adjustment this simple model reproduces the
entire measured Fermi surfaces for the UD14.5K and the
OP30K samples over an extensive k-space range. In par-
ticular, it describes all apparent hole pockets in the under-
doped sample and the absence of these pockets in optimally
doped La-Bi2201. For example, the pockets p; and pj in
UD14.5K La-Bi2201 are created by the q, DR of the
shadow band crossing the main band, while another pocket
(p,) is formed by the —q; DR of the main band overlapping
the —q, DR of the shadow band. All of these pockets are
absent in OP30K La-Bi2201, which does not show the q,
periodicity in LEED. It is therefore evident that the seem-
ingly closed portions of Fermi surface in underdoped La-
Bi2201 are not intrinsic but appear from the overlapping of
DR resulting from multiple superstructure periodicities.
We stress that the appearance of these pockets is not
directly tied to the hole concentration, or the presence of a
pseudogap, but rather to the particular structural modula-
tions. Indeed, we also observe multiple superstructures,
with vectors of ¢g; = 0.225 = 0.015 and ¢, = 0.072 =
0.015, in optimally doped (Pb,La)-Bi2201 [Fig. 2(a)].
Although Pb doping tends to suppress superstructure-
related features in ARPES from Bi-based cuprates, the
measured Fermi surface [Fig. 2(b)] clearly shows the pres-
ence of umklapps resulting from these superstructure vec-
tors and their combinations, consistent with a tight-binding
model using the q; vectors determined from LEED. Similar
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ARPES Fermi surface of (a) UD14.5K and (b) OP30K La-Bi2201, measured with p polarization. Extracted

contours (blue circles) and a tight-binding model of the main (solid line), shadow (dashed line), and *q; or £2q; (green), *£q, (blue),
and *=(q; + q,) (red) umklapp bands are overlaid on the data. LEED from (c) UD14.5K and (d) OP30K La-Bi2201. A magnified view
of the blue region and a line cut along the I'-Y direction (red line) are shown to the left of and below each pattern, respectively.
Extracted peak positions (red dots) and those expected for superstructure peaks at k, = m;q; = m,(q, (vertical gray lines) are in good
agreement. The inset in (a) shows a simplified Fermi surface with only the main (MB) and shadow (SB) bands.
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FIG. 2 (color online). (a) LEED pattern and (b) ARPES Fermi
surface of OP35K (Pb,La)-Bi2201, showing the presence of two
superstructure vectors, and the resulting apparent pockets in the
Fermi surface. A tight-binding model, using superstructure vec-
tors determined from the LEED analysis, is also shown in (b).

to the situation in underdoped La-Bi2201, the overlapping
of several of these bands gives rise to features that appear
as closed Fermi-surface pockets. However, as for UD14.5K
La-Bi2201, this is entirely due to structural effects and
should not be confused with either an intrinsic hole pocket
or an incommensurate density-wave order.

The structural origin of the observed pockets can be
further confirmed by polarization-dependent ARPES
measurements, as shown in Fig. 3. The x> — y*> symmetry
of the hole in the Cu d shell is odd with respect to the I'-Y
direction. Consequently, for the experimental geometry
employed here, with the incident light and detected elec-
trons both within the horizontal plane, the main band can
be observed when measuring with s-polarized light along
the I'-Y azimuth but is suppressed for p polarization. This
is the reason why the intensity along the Fermi arc dimin-
ishes approaching the I'-Y nodal line in Figs. 1(a) and 1(b).
In contrast, the shadow band, which has the opposite parity

of the main band [15], is visible in p polarization but not in
s polarization. This switching of intensities is clearly seen
for OP30K La-Bi2201 in Fig. 3(a) [23]. For measurements
in the 2nd Brillouin zone, along the cut shown in Fig. 3(d),
the polarization is no longer strictly s or p since the sample
is tilted off-vertical by ~30°. Nevertheless, a strong rela-
tive intensity variation can still be observed between the
main and shadow bands on switching from dominant p
polarization (Iyg:lgg smaller) to s polarization (Iyp:Isp
larger), as shown in Fig. 3(b). The equivalent dispersion
measured in UD14.5K La-Bi2201 is shown in Fig. 3(c).
With p polarization, two strong dispersions can be seen
due to the main band and its —q; DR, with two weaker
neighboring bands which form the back side of the appar-
ent Fermi-surface pockets (marked in the Fermi level
momentum distribution curve by circles and crosses, re-
spectively). This gives the appearance that the pocket on
the Fermi surface is holelike, as claimed in Ref. [7].
However, on switching to s polarization, these ‘‘pocket-
forming” bands are strongly suppressed relative to
the main bands, as is the spectral intensity of the back
side of all of the pocket features which can be seen in the
ARPES Fermi surface [Fig. 3(d)]. This switching of in-
tensities due to different parities of the front and back sides
of the Fermi-surface pockets is difficult to reconcile with
intrinsic pockets of a reconstructed Fermi surface and
confirms that these features are derived from the shadow
band.

Given this, one must revise the conclusions of Ref. [7]
regarding intrinsic hole pockets. Meng et al. [ 7] considered
only umklapp bands arising from a ¢g; = 0.24 superstruc-
ture modulation and found that these DR could not explain
their data. However, LEED from La-Bi2201 with very
similar composition to the UD18K sample of Ref. [7]
shows not only the g; = 0.24 superstructure but also
a second superstructure with g, = 0.12 = 0.015 [see
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FIG. 3 (color online).

Polarization dependence of ARPES. (a) Dispersion along I'-Y of OP30K La-Bi2201. (b),(c) Dispersion close

to the equivalent direction in the 2nd Brillouin zone [along dashed lines in (d)] of OP30K and UD14.5K La-Bi2201. (d) ARPES Fermi
surface of UD14.5K La-Bi2201. All spectra were measured with p (top) and s (bottom) polarization.
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FIG. 4 (color online). (a) LEED of UD20K La-Bi2201.
(b) Red circles reproduce the Fermi-surface contours of
UDI18K La-Bi2201 from Ref. [7]. A tight-binding Fermi surface
including umklapp bands derived from our LEED analysis
reproduces all features of the data from Meng et al. [7] including
the apparent Fermi-surface pockets (labeled LP, HP, and LPS
after Ref. [7]). The tight-binding bands are labeled by (1n;, m,)[],
where m; is the order of the (q,, q,) superstructure replica and a
prime denotes the shadow band.

Fig. 4(a)]. In Fig. 4(b), we show that the measured pockets,
and indeed all features of the Fermi-surface topology ex-
tracted in Ref. [7], are accurately described by a tight-
binding model of only the conventional main and shadow
bands, provided DR are included corresponding to both
of these superstructure vectors. Together with the
polarization-dependent ARPES presented above, this
shows unambiguously that the observations of Meng et al.
[7] have a trivial interpretation and cannot be taken as
evidence for elusive Fermi pockets.

We also note that a structural origin of the pockets
explains several puzzling observations of Ref. [7]. First,
the main band (Fermi arc) was observed to be longer than
the back side of the claimed pocket [as is also evident here
in Figs. 1(a) and 2(b)]. The lower intensity of the shadow
band and its DRs, which appear to “close” the pockets,
compared to the main band naturally accounts for this
seemingly contradictory coexistence of Fermi arcs and
hole pockets. Second, the spectral weight of the back
side of the pockets in Ref. [7] appears largest close to the
nodal line. This is in contrast to theoretical expectations for
an intrinsic pocket [24,25] but consistent with a super-
structure replica of the shadow band. Third, multiple hole
pockets were observed in Ref. [7], attributed to a ¢ = 0.24
superstructure replica of a single intrinsic pocket.
However, the front- to back-side spectral weight ratio
differs for these pockets. Again this suggests that the two
sides of the pockets derive from different bands, namely,
the main and shadow band, whose umklapps display com-
plex intensity variation due to matrix element effects. In
addition, the superstructure vectors depend sensitively on
doping as shown from the LEED analysis presented here,
which provides a simple explanation for the unusual
doping dependence of the hole pockets reported by
Meng et al. [7].

We note that our findings do not exclude the presence of
intrinsic Fermi-surface pockets in cuprates, where the back
side of the pocket has negligible spectral weight in ARPES
measurements [26]. However, we remark that, to date,
clearly discernible hole pockets have been reported only
from ARPES measurements in Bi-based and La-based
cuprate systems [7,27], which are both subject to structural
distortions. No such observation has been made in com-
pounds free of such distortions, for example, CCOC [5]
and YBCO [28].
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6H-SiC(0001) affect the epitaxial growth of graphene. Oscillations in the LEEM-image intensity as a
function of electron energy (I-V LEEM analysis) show that the number of graphene layers clearly differs

and smooth substrate. The extent of the thicker graphene layers formed
significantly larger than the width of the scratch itself. This finding can be
technique for spatially modulating graphene thickness.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

After Geim and Novoselov discovered graphene, a single atomic
layer of graphite, in 2004 by exfoliating highly oriented pyrolytic
graphite[1], many unique electronic properties of graphene have
been reported, including extremely-high mobility [2], ambipolar
behavior [2], the room-temperature quantum hall effect [3], and
plasmarons [4]. These unique properties and the abundance of
carbon materials promise carbon-based electronic devices with
superior performance and novel functionalities over current semi-
conductor devices.

As the properties of graphene are largely dependent on the
number of layers, (e.g. bandgap opening [5,6] and plasmaron cou-
pling [4]), many recent studies have focused on methods for
growing a precise number of graphene layers. There are various
methods for creating graphene such as the drawing technique
(mechanical exfoliation of graphite crystals) [7], epitaxial growth
on semiconductor [2] and metal [8,9] substrates, and chemical
vapor deposition (CVD) [10,11]. Epitaxial graphene prepared on
silicon-carbide (SiC) is a method which produces a particularly high
quality graphene. By using this method, many interesting results
such as the relativistic electronic structure (so-called “Dirac cone”)

* Corresponding author at: School of Physics, Suranaree University of Technology,
Nakhon Ratchasima 30000, Thailand. Tel.: +66 44 224 291; fax: +66 44 224 651.
E-mail address: worawat@g.sut.ac.th (W. Meevasana).

0169-4332/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.apsusc.2012.01.059

[12], bandgap opening [13], and anomalous quantum Hall effect
[14,15] have been reported. However, to exploit these properties
for industrial purposes, graphene growth over a decently large
area and the ability to pattern the graphene with different num-
bers of layers is still under development. So far, the in-plane size
of uniform graphene by using this method is limited to around
3 wm x 50 wm as reported by Emtsev et al. [16], and 50 wm? as
reported by Virojanadara et al. [17]. One of the factors limiting
growth beyond this size could be the roughness of or scratches
on SiC surfaces [18]. Note that the graphene grown using the CVD
technique [10] can actually be much larger in the order of cen-
timeters; however, the quality of this graphene can be inferior to
epitaxial graphene as the reported carrier mobility of CVD-grown
graphene appears to be much lower than that of epitaxial graphene
(e.g. approximately 7 times lower comparing Ref. [10] and Ref.
[19]).

To better understand the formation and shape of epitaxi-
ally grown graphene, in this paper, we look into the effect
that substrate scratches (~0.2 wm in width) have on the spa-
tial variation of graphene layers formed on a 6H-SiC(0001)
surface. By using low-energy electron microscopy (LEEM), we
extract the number of graphene layers over selected surface
areas using a I-V (Intensity-Voltage) analysis of the LEEM images
[20]. The number of layers is observed to be higher near the
scratched areas and importantly the thicker graphene layers can
have a width as large as 2.5 times of the scratch width itself
(see Fig. 4).
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Fig. 1. LEEM images of the graphene grown on the scratched SiC substrate at various adjusted bias voltages (Vgias — Vvac) of the incident electron: (a) 1.0, (b) 1.6, (c) 2.1, (d)
3.0, (e) 3.8 and (f) 4.5 V. (g) shows the plots of intensity at the two selected spots (blue and green squares in (a)-(f)) as a function of bias voltage (I-V LEEM plot); note that
the two plots are offset by the two intensities at Vpj,s — Vvac = 0 V. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of the article.)

2. Materials and methods

In this study, the epitaxial graphene layers were grown on a
6H-SiC(0001) substrate by thermal decomposition in an ultra-
high vacuum environment. The n-type doped 6H-SiC(000 1) (MTI
Corporation) is one side polished. The dimension of the substrate

is 5mm x 5mm x 0.3 mm with the axis of orientation (0001).
The surface topography of the substrate was examined by atomic
force microscopy (AFM) in AC mode. An AFM image was taken
after chemical cleaning (shown in Fig. 3a). Another one was then
taken after a short annealing process (not shown) but it does
not show a significant difference. Both were taken before the
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Fig. 2. IV-LEEM analysis of the graphene grown on the scratched SiC substrate at various positions labeled by numbers. (a) and (c) show the various analyzed positions on

the scratch and away from the scratch respectively. (b) and (d) show corresponding IV plots of each labeled positions in (
that there are mostly. 3-4 graphene layers on scratched locations and 2 graphene layers otherwise. The dashed lines in (d

between 2 graphene layers and higher number of layers is high.

graphitization process which will be described in the next para-
graph. From the AFM measurement, scratches which occur during
the polishing process (i.e. due to polishing substance) have widths
and depths distributed mainly around two sets of values: (1)
120 nm wide and 1-2 nmdeep, and (2) 230 nm wide and 5 nm deep.
The scratch lengths are usually longer than 50 wm. Low energy
electron microscopy (LEEM) and low energy electron diffraction
(LEED) measurements were then performed in situ with a Elmitec
LEEM III equipped hemisphere electron energy analyzer at Beam-
line 3.2b, Synchrotron Light Research Institute (SLRI), Thailand. The
base pressure during measurement was 3 x 1010 torr.

Before putting the SiC substrate in the vacuum chamber, the
substrate was cleaned by (i) the mixture of NH4OH, H,0,, and
de-ionized water with a ratio of 1:1:5 as well as heated at 70°C
for 10 min, (ii) etched by 5% HF acid and (iii) the mixture of
HCL, H,0,, and de-ionized water with a ratio of 1:1:5 as well
as heated at 70°C for 10 min. The substrate was then flashed to
around 1200 °C by electron-beam bombardment 3 times in order to
remove oxides from the surface. After the oxides were removed, we
observed 6+/3 x 6+/3 reconstruction of SiC in the LEED pattern; this

a) and (c) respectively. The IV oscillations indicate
) are at the bias voltages where the image contrast

indicates that the first carbon layer, the so called buffer layer [21],
was formed. To reduce some scratches on the sample surface,
the sample was heated to around 1300°C while flowing purified
hydrogen gas into the UHV chamber for 40 min with base pressure
1 x 1077 torr and then the sample was flashed to 1400 °C. During
these etching and flashing processes, the thermal decomposition
of the substrate surface occurred and graphene was formed on the
surface. LEEM images of graphene formed on the SiC substrate were
measured at the field of view (FOV) of 25 pm, as shown in Fig. 1.
While some information regarding the surface topography can
be obtained from the LEEM image, the LEEM technique can also
determine the distribution of local graphene thickness by mea-
suring a series of LEEM images at different incident-electron bias
voltages (i.e. varying electron energy) [18,20,22-24]. Information
on the number of graphene layers is contained in the oscillating
intensity of reflecting electrons as a function of the voltage, i.e. -V
LEEM analysis [20,23]. In the -V LEEM analysis, given a graphene
thickness, electrons with only certain discrete energy levels are
allowed inside the quantum well potential [20,25]. Due to these
discrete energy levels, incident electrons with various energies
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Fig. 3. Comparison of the scratch width and the width of the thicker graphene layer. (a) shows AFM image of SiC substrate before the graphitization process with 5 um FOV
where the color represents relative depth of the surface. (b) shows the magnified area of the black rectangle in (a). (c) shows the depth profiles corresponding to the dashed
lines in (b) and (d) shows the full width along the scratch direction in (b). (e) shows the LEEM image of graphene on the SiC substrate after the graphitization process where
the color represents LEEM intensity. The same procedures as (b)-(d) are applied to the LEEM image as shown in (f)-(h) to get the width of the thicker graphene layer, except
that the width is obtained from the distance between the bottoms of the two leading edges.

will get reflected differently, creating an oscillating I-V spectrum
which corresponds to the particular thickness. When the thickness
of graphene layers changes, the oscillating I-V curve will change
accordingly. We performed this [-V LEEM analysis on a set of LEEM
images to determine the number of graphene layers at different
locations in the sample as shown in Figs. 1 and 2.

3. Results and discussions

Fig. 1 shows the LEEM images taken after etching and flash-
ing processes, with FOV of 25 wm. In Fig. 1(b), the scratch marks
are mostly visible along high-intensity lines and the flat regions
are mostly in low-intensity areas. However, these high and low
intensities do not solely originate from the contrast of the surface
topography since the LEEM technique also picks up the con-
trast from the electronic structure at the surface. As shown in
Fig. 1(a)-(f), LEEM images are taken at the same spatial region
while the adjusted bias voltage, Vgj;s — Vvac, is varied between
0-9V where the voltages are 1.0, 1.6, 2.1, 3.0, 3.8 and 4.5V respec-
tively; note that Vy,. is defined as the vacuum energy level divided
by electron charge, e [26]. As the electron energy is varied, the
contrast of the LEEM image changes dramatically; at some energy
(e.g. Fig. 1(c)), some of the scratch marks coming from the sur-
face topography are barely visible. As briefly explained in Section
2, this change of the image intensity as a function of bias voltage is
set by the electronic structure (i.e. quantum well states [20,25]) of
graphene layers on SiC substrate. As shown in Fig. 1(g), the image
intensities from the two selected spots (see blue and green squares
in panel (a)—(f)) oscillate differently when the bias voltages vary in
the same range as in Ref. [20]. The number of dips in this oscillation
will equal the number of graphene layers at that spot [20,22,23].
The blue (green) curve has 4 (2) dips, indicating that there are 4 (2)
layers of graphene on the selected blue (green) spot.

We have then applied this [-V LEEM method to various locations
on LEEM images as shown in Fig. 2. In Fig. 2(a), spots labeled num-
bers 1-9 are selected from scratched areas and the corresponding
[-V curves are then extracted and shown in panel (b). The numbers
of dips are mostly 3-4, indicating that the numbers of graphene

layers are mostly 3-4 in the scratched areas. On the other hand, in
Fig. 2(d), the I-V curves selected from the smooth, low-intensity
areas (spot numbers 1-8 in Fig. 2(c)) have mostly only two dips,
indicating that the smooth areas are mostly covered with two layers
of graphene. This data clearly suggests that scratches on the SiC sur-
face can promote the enhanced growth of graphene. This behavior
is similar to other studies [27-29] which show that the graphitiza-
tion process usually starts near the steps of a surface rather than flat
terraces. Ref. [29] describes “steps” on substrates as the kicker of
graphene nucleation by providing C atoms. In our case, it is slightly
different as a scratch has a wedge shape rather than a step shape;
we observed that the enhanced growth of graphene happened not
only right above the scratch areas but also extended significantly
further from both edges of a scratch (see schematic picture in Fig. 4).
Note that although we could not tell whether the additional layers
are on top or underneath from our I-V LEEM analysis, we speculate
that the additional layers are underneath based on the model in
Ref. [27].

We then investigated further to what extent the enhanced
graphene growth occurs away from the edges of a scratch. To
measure the width of the scratches on the SiC substrate, we
first performed AFM measurements before the graphitization
process. The AFM image in Fig. 3(a) shows the relative depth at
each spatial position; we then selected a portion of the scratch with
alarge width as shown in Fig. 3(b) which is the magnified area of the
black rectangle in panel (a). The depth profiles along the perpendic-
ular direction (e.g. dashed lines) are plotted in Fig. 3(c). The width
along the scratch direction is then measured from the full width of
these profiles, plotted in Fig. 3(d). We find that the average scratch
width from this section is around 0.20 £ 0.01 wm. After the graphi-
tization process, we performed the same procedure to the LEEM
image of graphene on the SiC substrate (predominately within the
white rectangle in panel (e)), as shown in Fig. 3(e)-(h). We note that
for the LEEM image used for this analysis, we adjusted bias volt-
age so as to maximize the image contrast between the graphene
domains in the vicinity of the scratches and the rest of the area (see
the left vertical dashed line in Fig. 2(d), around V35 — Vyac =1.6 V).
As shown in Fig. 3(h), the widths of graphene with more than
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Fig. 4. (a) and (b) show the histograms of scratch widths extracted from various parts of AFM images and width of thicker graphene layer extracted from various parts of
LEEM images, respectively. Above of the graphs are the schematic pictures of the widths measured from the scratch and the thicker graphene layers respectively.

2 layers, along the scratch direction, are extracted from the
distance between bottoms of the two leading edges (see arrows in
panel (g)). The average value of this width is around 0.52 £ 0.07 pum
which is approximately 2.6 times larger than the average scratch
width from Fig. 3(d).

Focused on other regions with large widths, we extracted more
data from both AFM and LEEM images to get a better average. The
histograms of these extracted widths are shown in Fig. 4. Note
that these widths are measured along scratch direction with com-
bined lengths of 20 wm and 30 wm from AFM and LEEM images,
respectively (approximately 15 and 20 times longer length used
in Fig. 3). The average scratch width is 0.23 wm and the aver-
age width of thicker graphene layer is around 0.58 pm which is
approximately 2.5 times larger, similar to the ratio obtained in
Fig. 3.

By comparing these extracted widths it is clear that the
enhanced growth of graphene can extend much further from the
edge of a scratch; see the schematic pictures in Fig. 4. This graphene
formation near the wedge-shape groove appears to be different
from the studies of graphene formed on [27,29,30] as these stud-
ies report that the thicker graphene layers usually occur within
the two edges of the steps. Hence, the results of our investiga-
tion suggest that different shapes of surface discontinuities alter
the formation of enhanced graphene growth in different ways.
Although the microscopic origin is still subject to further investiga-
tion, this data already suggests a new method of using wedge-shape
grooves to spatially vary the thickness of graphene formed on a SiC
substrate.

4. Conclusion

By performing I-V LEEM analysis on graphene grown on
SiC substrates, we find that the number of graphene layers is

usually greater near scratched areas of SiC substrate. These thicker
areas of graphene occur not only within the scratch itself but also
extend significantly outwards from the edges of a scratch. From
this case study, the width of the thicker graphene layers can be up
to 2.5 times larger than the scratch width itself. While it would be
interesting to investigate further on how to control this width, the
current study already suggests an alternative way of using a scratch
(i.e. wedge shape grooves) pattern for spatially varying graphene
layers grown on a 6H-SiC(000 1) substrate.
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Abstract. Much progress has been made recently in the study of the effects
of electron—phonon (el-ph) coupling in doped insulators using angle-resolved
photoemission (ARPES), yielding evidence for the dominant role of el-ph
interactions in underdoped cuprates. As these studies have been limited to doped
Mott insulators, the important question arises as to how this compares with
doped band insulators where similar el-ph couplings should be at work. The
archetypical case is that of perovskite SrTiO; (STO), well known for its giant
dielectric constant of 10 000 at low temperatures, exceeding that of La,CuO, by a
factor of 500. Based on this fact, it has been suggested that doped STO should be
the archetypical bipolaron superconductor. Here we report an ARPES study from
high-quality surfaces of lightly doped STO. In comparison to lightly doped Mott
insulators, we find the signatures of only moderate el-ph coupling; a dispersion
anomaly associated with the low-frequency optical phonon with a 1" ~ 0.3 and
an overall bandwidth renormalization suggesting an overall A’ ~ 0.7 coming
from the higher frequency phonons. Furthermore, we find no clear signatures of
the large pseudogap or small-polaron phenomena. These findings demonstrate
that a large dielectric constant itself is not a good indicator of el-ph coupling
and highlight the unusually strong effects of the el-ph coupling in doped
Mott insulators.
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1. Introduction

The notion that carriers doped into insulators get dressed by lattice deformations has been
around for a long time [1, 2]. A recent development is that this polaron formation can be studied
experimentally using angle-resolved photoemission (ARPES), yielding more direct information
on the physics than classical transport and optical spectroscopic methods. Especially when
the carrier density is small but finite, where a controlled theoretical framework is lacking,
ARPES has been quite revealing. The case has been made that lightly doped cuprates fall
victim to small-polaron formation (strong interacting case) that is vulnerable to self-trapping by
impurities [3, 4]; in undoped cuprates, the spectral functions reveal Frank—Condon-type broad
humps caused by the coupling to multiple phonons, and only when doping is increased does a
well-defined quasi-particle (QP) peak start to emerge [3, 4]. Another recent ARPES revelation
is found in the context of highly doped manganites in the colossal magnetoresistance regime.
At high temperatures ARPES reveals the Frank—Condon humps signaling small polarons, while
upon lowering temperature small pole-strength QP peaks appear in addition, indicating that a
coherent Fermi liquid is formed from the microscopic polarons [5].
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Both manganites and cuprates are doped Mott insulators and no modern ARPES
information is available on polaron physics in the simpler doped band insulators. We therefore
decided to focus on the classic SrTiO; (STO) doped band insulator. STO is known to have
an exceptionally high static dielectric constant on the order of 10* at low temperatures [6].
Superconductivity can be induced by electron doping with O, Nb or La [7, 8] over a narrow
range of low carrier concentrations between ~10" and ~10?°cm™3. Optimal T, is typically
0.2-0.3K but can reach up to 1.2K [9], which is surprisingly high for such low carrier
concentrations. It has been speculated that this is due to the formation of bipolarons [10].
However, whether large or small polarons actually exist in STO depends on the relevant length
scale for the electron—phonon (el-ph) couplings.

The case was made in a recent optical study by van Mechelen et al that el-ph coupling
is actually not very strong [11]. ARPES is, however, more direct in revealing the strength of
coupling to specific phonons. With this technique we arrive at the conclusion that small polarons
are not formed in STO and that el-ph coupling acts in a perturbative way.

2. Methods and materials

The samples investigated here are La,Sr;_, TiOs,5 (Crystal Base Co., Japan) at nominal dopings
of x =0.01 (T, ~0.2K) and x =0.05 (non-superconducting) [8] while the actual doping
levels at the surface are slightly different due to oxygen vacancies. We obtain high-quality
surfaces by cleaving along guiding lines at 7 = 10 K and measure at the same temperature.
This new technique results in significantly flatter surfaces than when fracturing or scraping
STO. This was found to substantially improve the quality of ARPES data and enable us to
see a clear QP band dispersion and dispersion anomaly, which have not been seen in previous
measurements [12]—[14].

ARPES data were collected on a Scienta-4000 analyzer at the Stanford Synchrotron
Radiation Laboratory, Beamline 5—4, and the Advanced Light Source (ALS), Beamline 10.0.1,
with photon energies between 18 and 90eV and a base pressure of <4 x 10~!! Torr. Samples
were cleaved in sifu along the (001) plane at the measurement temperature, 7 = 10 K. A sharp
(1 x 1) low-energy electron-diffraction pattern indicates a well-ordered surface devoid of any
reconstructions. The energy resolution was set to 9—11 and 15-20 meV for 18-35 and 35-90eV
photon energies, respectively, and the angular resolution was 0.35°. Additionally, an LSCO
sample with x = 0.01 was measured at ALS with photon energy = 55eV and 7' =20K.

3. Results

In figure 1, we present ARPES data taken at a photon energy of 27 eV. The dominant features
in the angle-integrated spectrum are the valence band between 3.3 and 9eV, an in-gap state
near 1.3eV and the QP peak at the Fermi level. The energy gap between the onset of
the oxygen valence bands to the QP band bottom is around 3.3 eV, consistent with optical
measurements [15], while local-density-approximation (LDA) band structure calculations
predict a gap of ~2¢eV [14, 16]. The presence of a non-dispersive and broad in-gap state around
1.3eV has been discussed in the literature ([13] and references therein) as caused by a local
screening effect, chemical disorder or donor levels.

Having established the basic spectral features, we now focus on the Fermi surface
topography of STO. Figures 2(a)—(d) show ARPES data taken at various photon energies
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Figure 1. ARPES data of the x = 0.01 sample at T = 10 K. (a) Angle-integrated
photoemission spectrum up to 9eV in binding energy, together with optical
absorption data of an undoped sample from [15]. The inset shows angle-resolved
data of the in-gap state around 1.3 eV. (b) QP band dispersion in the (010) plane
near Ef (see cut b in figure 2(f)) with corresponding energy distribution curves
(EDCs) in (c).

(changing k) together with a Fermi surface map at 27eV, projected on the k,—k, plane
(figure 2(e)). The flatter band with an ~60meV band bottom (i.e. in figures 2(a)—(c))
corresponds to a bulk state since the kr crossing changes with different photon energy (changing
k.), in agreement with LDA calculations by I I Mazin where the computational details are
the same as in [11]. The steeper band with an ~200 meV bottom (e.g. in figure 2(d)) can be
attributed to the surface of cleaved STO because the data do not show noticeable dispersion
along k, and they are absent in LDA calculations (indicated by the blue line and surface in
figures 2(e) and (f)). Since the surface band crosses the bulk band, it cannot be an eigenstate
of the system but possibly a surface resonance state; this surface state is investigated further
in smaller doping, x = 0.001 samples [17]. We also note that in x = 0.01 samples a second
bulk band is expected with a Fermi crossing near the surface band. However, this band appears
to be overshadowed by the more intense surface-related band and further suppressed by the
matrix element near the I" point. In the following, we will use the schematic contours of the kg
positions, indicated by green surfaces in figure 2(f), to describe the bulk Fermi surface.
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Figure 2. Fermi surface topography of STO. (a)-(d) Band dispersion in the
(010) plane for photon energies of 19, 24, 27 and 29 eV, respectively. Doped
STO has a cubic unit cell and a three-dimensional Fermi surface, consisting of
three ellipsoid-like surfaces along each axis (see more details in [14]); when
including the spin orbit coupling term in the calculation [11], a shift in the
Fermi surface occurs, as shown in figure 3(e). (e) Fermi surface map near the
Brillouin zone mid-plane (hv =27¢eV). The solid green lines are guides to
the eye. Estimated k, positions for (a)—(d) are indicated by the orange lines
in the schematic Fermi surface (f), where half of the whole Fermi surface is
plotted; green (blue) indicates the bulk (surface) band. Note that in x = 0.01
samples a second bulk band is expected with a Fermi crossing near the surface
band. However, this band appears to be overshadowed by the more intense
surface-related band and further suppressed by the matrix element near the
I" point.

Figures 3(a) and (b) show the occupied bands, along the I'X direction in the vicinity of the
I" point of the x = 0.01 and 0.05 samples. By aligning the kgs of the ARPES data with those of
the LDA dispersions [11], we estimate that the dopings of the x = 0.01 and 0.05 samples are
slightly higher than the nominal dopings (1.5 £0.2 and 5.6 £ 0.5%, respectively: figure 3(e)),
likely due to a small oxygen deficiency at the surface.
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Figure 3. (a), (b) QP band dispersions of the x = 0.01 and 0.05 samples. Cross
symbols indicate peaks from EDCs and dashed lines are extrapolated to obtain
the band bottom. The most prominent kink energy is indicated by arrows around
~20meV for both doped samples. Possibly, there is a second kink in the
x = 0.05 sample between 40 and 60 meV, but the complication from the side
band makes it less clear. Note that k, varies slightly along the k-axis of (a) and
(b) (see figure 2). However, this change has only a minute influence on the
measured group velocities and will be neglected for the discussion of mass
renormalization. (¢) and (d) show EDCs of ARPES data shown in (a) and (b),
respectively, where the EDC peak positions are marked by triangle symbols
and the dash lines are extrapolations. (¢) LDA band dispersion of undoped STO
along I'X [11]. Fermi levels positions for dopings = 1.3-1.7 and 5.1-6.1% are
indicated by shaded areas. (f) Schematic plot of renormalized band dispersion
in the forms of ‘kink’ and reduced bandwidth caused by phonons whose mode
energies are lower and higher than the electron bandwidth, respectively.

EDC peak

Having isolated the occupied part of the conduction bands (figures 3(a)—(d)), let us now
turn to interpretation of the data. In the data one can discern a weak kink in the dispersion
at approximately 20 meV binding energy (blue arrows, figures 3(a) and (b)). This is clear in
the x = 0.01 sample, since in the x = 0.05 sample it resides in a region where the dispersion
has a strong curvature (figure 3(e)). Such a weak kink structure in the dispersion indicates a
perturbative coupling with a bosonic mode at this energy. This interpretation is supported by the
observation that the intensity rapidly increases below the kink energy; above the kink energy,
an extra decay channel that will smear the QP peak opens up. To quantify the coupling to
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Figure 4. ARPES data of La,;_,Sr,CuQO4 with x =0.01. (a) Raw ARPES data;
the blue line indicates the peak position in momentum distribution curves and
orange circles indicate the peak positions in EDCs where the big arrow indicates
the kink in dispersion at binding energy ~70meV. (b) Corresponding EDCs.
(c) Comparison of ARPES spectra with background subtracted at kg of (1) x =
0.01 STO sample along the I' — X direction and (2) 1% doping La,_,Sr,CuQO,
along the (0, 0) to (77, ) direction.

this boson, we extracted the band velocities for the x = 0.01 case at binding energies below
(v10) and above (vp;) the kink energy (see figure 3(f)) to be ~0.16 and 0.21 eV A, respectively.
Mass renormalization is therefore vy; /v, = m*/m ~ 1.3, indicating a coupling to this particular
boson, A'=m*/m —1=0.3.

Given that the signals are somewhat smeared at higher energies, we cannot exclude the
presence of other kinks associated with higher energy modes. However, the data permit us
to track the overall width of the occupied parts of the conduction bands. For the x = 0.01
sample we find the band bottom at ~58 meV, whereas the LDA calculation indicates it to
be at ~97meV [11] (figure 3(e)). It follows that the overall width of the occupied band is
renormalized by a factor of ~1.7 (Wipa/ Weyp). The total mass renormalization is the product
of the bandwidth and kink renormalization factors and we find this to be 1.7 x 1.3 >~ 2.2 in the
x = 0.01 sample, close to the estimate 2-3 deduced from the optical measurements [11].

To compare with STO data, figure 4 shows ARPES data of La;_,Sr,CuO,4 with x = 0.01,
as a lightly doped Mott insulator. The momentum is along the (0, 0) to (;r, ) direction. We
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note that all the data in figure 4 are already subtracted by the non-dispersive background
of the oxygen valence band for clearer comparison. In contrast to STO, the spectrum (see
the red line in figure 4(b)) shows a small QP peak with a large Frank—Condon-type broad
hump around 400 meV—a signature of small-polaron formation. LSCO data also show a clear
kink in the dispersion, indicating strong el-ph coupling at around 70 meV (see the arrow in
figure 4(a)); to quantify this coupling, we extracted the band velocities at binding energies
below (v),) and above (vy;) the kink energy to be ~1.66 and 6.14 eV A, respectively. Therefore,
the mass-renormalization factor from this kink feature is vy /v, =m*/m ~ 3.7. The use of
A =m*/m — 1 would give a A’ of 2.7, indicating a clear contrast to the extracted value of ~0.3
from the kink feature of the x = 0.01 STO sample.

4. Discussion and conclusion

How does one interpret these findings from STO data? The 20 meV kink is certainly related to
a phonon. A priori one can be less certain about the cause of overall bandwidth renormalization
because an electronic origin cannot be excluded. However, although LDA is known to
underestimate band gaps in band insulators, it does not usually underestimate the bandwidths
and our extracted renormalization factor may be regarded as an upper value. At the same time,
the phonon dispersions of STO have been measured by infrared and Raman spectroscopy [15]
and neutron scattering [18]—[21] in great detail; the phonon modes are in the range of
0-100 meV where much of the phonon spectrum extends to energies that are larger than the
Fermi energy of at least the x = 0.01 system. Under such an anti-adiabatic condition, one
expects the el-ph coupling to give rise to an overall bandwidth renormalization that can be
estimated from the mass-renormalization formulae for the isolated polaron [1]. Since the focus
here is on the surprisingly moderate el-ph coupling, we attribute all the renormalization to el-ph
interaction, which sets the upper bound for the value of A ~ 1. An overall coupling A ~ 1 can
mean that small, self-trapped polarons are formed but also that the system stays itinerant. What
decides the nomenclature is the length scale of the relevant el-ph couplings.

When the el-ph coupling is short ranged, small polarons are expected. One can take
the cuprates as an example where an effective A ~ 1 corrected for electronic band narrowing
effects [22] that enhance the impact of el-ph interaction is believed to be responsible for the
multi-phonon Franck—Condon peak indicated in figure 4(c). Here we should note that m* is
no longer linear with A and increases rapidly near the small-to-large polaron crossover around
A~ 1. For A>~1 in cuprates (e.g. in the case of LSCO shown in figure 4), the actual face
value of mass renormalization could be as large as 3.7; hence, A" defined by m*/m — 1 would
be 2.7.

The most striking aspect of the STO data is that such effects due to small-polaron
formation are entirely absent in STO, where instead the electrons remain strongly coherent
as manifested by the strong energy—momentum dispersion and the distinctly sharp QP peaks
with large pole strengths even for the 1% doped sample (figure 4(c)). This can be reconciled
with the relatively large A, assuming that the dominating el-ph couplings are of the long-
range, polar kind [23]. This claim can in fact be further substantiated by the finding that
our data are in semi-quantitative agreement with ‘naive’ continuum limit estimations of the
polar el-ph interactions [10, 24]. In this way, only the long-range electrostatic interactions are
taken into account with the longitudinal optical (LO) phonons, omitting completely short-range
interactions involving the transversal optical (TO) phonons that are, in reality, always present.
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Table 1. Comparison of features between STO and cuprate—perovskite band
and Mott insulators.

Mott insulator ~ Band insulator

Feature (LayCuQy) (STO)
Mass renormalization factor ~3.7 ~1.3
from the kink feature at small doping
x =0.01
Small polaronic effect Yes No

at small doping

Large pseudogap behavior Yes No
at small doping

Small Fermi surface Maybe (YBCO) Yes
pocket at small doping [27]

Dielectric constant ~20 [28] ~10% —10*
(undoped)

Starting from this perspective, let us first discuss why the large bulk dielectric constant
may not be a good indicator for the formation of small polarons. The dielectric constants at zero
frequency (&) and at frequencies large by comparison to the phonon energy (e4,) are related
to the frequencies of LO and TO phonons as /s = I1,(w..0/®at0)?, Where a specifies the
phonon branch. A large g, signals a softening of the TO phonon that eventually can condense
in a ferroelectric state. However, the Frohlich polar el-ph interactions involve the LO phonons,
where the large gy will also help the coupling strength but with smaller effect. The coupling
strength depends on the dielectric term k' = ¢! — g ! which increases slightly upon increase
of &y (k™' ~0.17 in La,CuO,4 and ~0.19 in STO) [25]. Another issue is that the short-range
coupling to this TO phonon could be enhanced due to the softening of the frequency wro.
However, since the softening occurs only in a narrow region in momentum space characterized
by the scale a/& = 0.1 (£ is the correlation length) [19, 20], the increase in the coupling constant
A of the order of AL = A(wly/wr0)*(a/€)? is small.

Under these assumptions, one is, according to the calculations of Devreese et al [10, 24],
left with three LO phonons at (for ¢ = 0) 22, 58 and 99 meV with coupling constants ¢; of
0.018, 0.945 and 3.090, respectively. Using that, for weak coupling, A; = «;/6 [1, 26] this
translates into A;’s of 0.003, 0.16 and 0.6, respectively. These modes are indicated together
with the electronic dispersions in the schematic figure 3(f). The low-energy kink in the electron
dispersions matches very well the 22 meV mode associated with Sr—O bond stretching [21].
The other two phonon modes are at higher energy than the band bottom and hence should
cause an overall bandwidth reduction. For an accurate treatment, one may consider the anti-
adiabatic limit; however from the available calculation, the coupling constants « of these 58
and 99 meV modes will give a bandwidth-renormalized factor of 1.76, which is already very
close to our extracted value of ~1.7. The polar el-ph calculation strongly underestimates the
A" >~ 0.3 coupling to the 22 meV phonon. The main coupling from this Sr—O bond stretching
mode comes from large momenta near the zone boundary as in the cuprates, and is expected
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from general grounds due to the displacement eigenvectors. Thus, it is a local deformation. As
discussed in the previous paragraph, this could well be significantly enhanced by proximity to
the ferroelectric transition, one reason why its main impact is only on the low-energy phonon.
However, given that the coupling is still moderate and this phonon is of the adiabatic/Eliashberg
kind, it does not interfere with the consistency of our argument.

While small polarons are absent in STO, cuprates at similar doping show a sharp contrast
in displaying strong el-ph coupling with mass renormalization as large as 3.7 (see table 1 for
the comparison between LSCO and STO). For the following reasons, the carriers doped into
a Mott insulator can be subject to a stronger short-range el—ph interaction. One reason is that
the additional polaronic effect due to the magnetic degrees of freedom enhances the effective
mass, and hence collaborate to form the composite small polaron with magnon and phonon
clouds [29]. Another reason is that fluctuations with large momentum (e.g. k = (v /2, w/2) of
the antiferromagnetic state in the cuprates) are involved in dressing the doped carriers. Starting
from the Frohlich interaction, the exchange of this large momentum can lead to the short-
range el-ph interaction. In the case of a band insulator, the large momentum in this same
order of magnitude is not immediately available. Therefore, small-polaron formation is more
likely to occur in a Mott insulator than in a band insulator. We should note that there could
be an additional advantage in anisotropic layer compounds in that el-ph coupling along the
perpendicular axis is little screened and hence remains strong [30, 31]. However, it is also
known in cuprates that the small-polaron effect disappears largely upon doping away from the
antiferromagnetism (e.g. Na,Ca,_,CuO,Cl, with x = 0.12 [3]), where the conductivity is still
very anisotropic. Therefore, it is likely that there are also other physics (e.g. as discussed above)
involved in helping the formation of small polarons.

In conclusion, we have shown the quite unexpected result that there is little evidence for
small-polaron formation in lightly doped STO, indicating that the large dielectric behavior can
occur independently of strong el-ph interactions. In turn, this indicates that in doped Mott
insulators like the cuprates, the dressing of electrons by spin excitations [22, 29] and strong
correlations combine to give a short-range el-ph interaction that is able to trap doped carriers
and more readily form polarons.
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Abstract

Many light-sensing devices exploit the property of semiconducting materials such that their
conductivity could change upon light exposure. The materials commonly used for these sensors have
small band gaps and are not transparent under visible light. Here we are interested in the relatively-
wide-band-gap material, KTaO3. By using lithography technique for making sample electrodes, we
found that the conductivity of insulating KTaOj; single crystals could change dramatically upon
exposing to focused sunlight. When there was no light, the resistance of KTaO3; was high in order of
GQ (e.g. ~9 GQ) but when we focused sunlight on the sample, the resistance could become much
lower in order of MQ (e.g. ~3 MQ ) or approximately 3 orders of magnitude lower. This indicates that
the KTaO; could be used as a high-efficiency light sensing device. We will also discuss about our

study using synchrotron light.

Keyword: KTaOs, Light sensing Device, UV Irradiation Effect

Introduction

Light sensor devices which are photo-resistor,
photo-cell, and photo-diode types have the same
property that their conductivity could change upon
light exposure. The materials commonly used for
these sensors have small band gaps and are not
transparent under visible light, such as CdS and CdSe
(band gaps are 2.42 and 1.73 eV respectively [1, 2].
CdS and CdSe sensors are active in the wavelength
range of 500-700 nm and 600-800 nm respectively.
Here we are interested in perovskite oxide KTaOj
which has many physical properties, such as
ferroelectricity, electro-optic effect [3, 4]. Undoped
KTaO; (lattice parameter a = 3.989 A°) is insulator
with a relatively large band gap of around 3.8 eV [5];
hence it is transparent under visible light and the
active region is in the ultraviolet range (wavelength <
400 nm). The high melting point of KTaO; also allow
its applications at high operating temperature.

It is shown that KTaO; single crystal exhibit
ultrafast photoelectric effect [6] when exposure to UV
irradiation at room temperature. Angle-resolved
photoemission spectroscopy (ARPES) study also
shows that the increase in electron accumulation at
the cleaved surface of insulating KTaO3 samples can
occur when the surfaces are exposed to intense
synchrotron light (in ultraviolet range) [7]; similar
effect was also observed at the surface of SrTiO5; with
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electronic structure similar to KTaO; [8]. With
interest in the observed change in surface property
upon light exposure, here, we perform measurements
of the KTaOj; surface resistivity when the surfaces are
exposed to sunlight and also controlled synchrotron
light.

Materials and Methods

Sample preparation

Left and right electrodes

<« A9

<«—Ti

<— KTaO;
Top view Side view
Figure 1. Electrode pattern of mixed silver and
titanium metals on the KTaO; surface made by using
lithography technique.

Potassium tantalum oxide samples (KTaOs)
measured in the work (Crystal Base Co., Japan) is
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single crystal with (100) crystal orientation and 5 x 5
x 0.5 mm?® in dimension. We make the pattern of
electrode on the KTaO; surface by using lithography
pattern. As shown in Fig. 1, titanium metal is first
evaporated on the KTaO; and then silver metal is
evaporated on top. Then, the top electrode is coated
with the photoresist material (AZ). The electrode
pattern is made by shining UV light through the
lithography pattern mask. After washing out the
photoresist material which gets exposed to UV light
out, the electrode pattern on the KTaO; surface (see
Fig. 1 (left) can then be obtained.

Resistance measurement

(@)
Irradiation light
Sample |
Sample holder
Electrometer
(b)
Light off
Liaht on
Figure 2. (a) Instrumental setup diagram for

measuring resistance of samples in the range between
2 KQ - 200 GQ. (b) The resistance before and after
light exposure on KTaO; when exposing to normal,
unfocused sunlight.

To set up instrument to measure the difference in
resistivity before and after light exposure, firstly, we
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design the sample holder for the KTaO3z samples with
the electrode pattern. As shown Fig. 2, the sample
holder is connected to the Keithley electrometer
model: 6514 which is capable of measuring the
resistance upto 200 GQ. With this setup, we first
expose the sample surfaces of KTaO5 with normal and
unfocused sunlight and record the resistance as a
function time. The samples are then exposed to
focused sunlight by using a magnifying glass (14 cm
in diameter). Next, the samples are then exposed to
synchrotron light in a) the ultraviolet range and b)
zero-order type (allowing all the frequencies to come
through) at Beamline 3.2a, Synchrotron Light
Research Institute, Thailand; note that the
measurement under synchrotron light is performed at
base pressure ~10 mbar.

Results and Discussion

We find that the conductivity of insulating
KTaOj; single crystals could change dramatically upon
exposure of focused sunlight. When there was no
light, the resistance of KTaO3; was high in order of ~9
GQ. As shown Fig. 2(a), when the sample was
exposed to normal, unfocused sunlight, the resistance
changed to approximately ~ 0.2 GQ and when the
sample was exposed to focused sunlight by using a
magnifying glass, the resistance could become much
lower in order of ~3 MQ or approximately 3 orders of
magnitude lower. This 3 orders of magnitude change
is comparable to the ratio change in CdS and CdSe
[1,2], indicating that KTaO3 can be used as high
efficient light sensor. Note that this change in
resistance upon exposure also happened very fast in
time (faster than our instrumental limit) which is
consistent with Ref. [6]. When the light is off, the
resistance also changed back very fast at the slightly
lower resistance (~8 G<) from the beginning.

We also perform a more controlled study by
using the adjustable synchrotron light. The KTaO;
resistance was observed to change in slower manner
upon UV irradiation light at lower intensity. As
shown Fig. 3(a), when there was no UV light (time =
0), the resistance of KTaO3; was high in order of GQ
(~15 GQ). Then we exposed the sample with UV light
at photon energy of 60 eV; the photocurrent was set to
14 nA and the beam area was around 6 mm?” The
estimated intensity was 14 W/m®. The exposure was
repeatedly on 30 sec and off for another 30 sec during
the measurement (see Fig. 3(a)). After the total time
of around 32 mins, the resistance became saturated at
the value ~0.5 GQ or approximately 2 orders of
magnitude lower.

The resistance changed more dramatically when
exposed to synchrotron light at all frequency (zero
order) as shown figure 3(b). When there was no light
(at time = 0), the resistance of KTaO3; was high in
order of GQ (~15 GQ). At zero order, the photo
current was at 10 HA whose intensity was estimated to
be around 1x10° W/m? The exposure on the sample
was repeatedly on and off for 15 sec. The resistance
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was first reduced quickly from 15 GQ to 1.4 MQ and
then became saturated at the value around 1 MQ or
approximately 4 orders of magnitude lower. Note that
when the light is off again completely, the resistance
does not come back to the original value right away
but increases slowly; the estimated time to come back
to its original value is in order of many hours, which
is consistent with ARPES data [7, 8]. Comparing with
the measurement in ambient pressure (sunlight
exposure), this slow change indicates that the air
pressure has pronounced effect on the resistance
change which is subject for further investigation.

(@)

(b)

/

Figure 3. The resistance of KTaO; sample after
exposed to (a) 60 eV synchrotron light with intensity
~ 14 W/m? and (b) zero order light with intensity ~
10° W/m?

Conclusions

The conductivity of KTaO3; (100) could change
dramatically upon exposure of focused sunlight.
The resistance of KTaO; changes from in order of GQ
to MQ or approximately 3 orders of magnitude lower.
For UV synchrotron light at 60 eV, the resistance of
KTaO; changed approximately 2 orders of magnitude
lower. For zero order light, the resistance of KTaO;
changes from in order of 10 GQ to 1 MQ or
approximately 4 orders of magnitude lower. This
results indicates that the KTaO; could be used as a
high-efficiency light sensing device.
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