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S. Moser,1,2 L. Moreschini,1 J. Jaćimović,2 O. S. Barišić,3 H. Berger,2 A. Magrez,2 Y. J. Chang,1,4 K. S. Kim,1

A. Bostwick,1 E. Rotenberg,1 L. Forró,2 and M. Grioni2
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Oxygen vacancies created in anatase TiO2 by UV photons (80–130 eV) provide an effective electron-

doping mechanism and induce a hitherto unobserved dispersive metallic state. Angle resolved photo-

emission reveals that the quasiparticles are large polarons. These results indicate that anatase can be tuned

from an insulator to a polaron gas to a weakly correlated metal as a function of doping and clarify the

nature of conductivity in this material.
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The anatase structural phase of titanium dioxide (TiO2)
can be the key element in novel applications. Whereas
extensive work has been focused on its famous photocata-
lytic behavior [1–3], more and more proposed devices,
such as memristors [4], spintronic devices [5], and photo-
voltaic cells [6–8], rely on its less well-known electronic
properties. In particular, anatase has been recently sug-
gested as a candidate for replacing the In-based technology
for transparent conducting oxides [9] in a wide range of
applications from solar cell elements, to light-emitting
devices, to flat panels, to touch-screen controls [10]. The
crucial quantity for the figure of merit in these devices is
conductivity, and it is therefore of major interest to under-
stand and control the electronic properties of pristine and
doped anatase.

Stoichiometric anatase is an insulator with a 3.2 eV band
gap [11] but oxygen vacancies, typically present with
concentrations in the 1017 cm�3 range [12,13], create a
shallow donor level �10 meV below the conduction band
(CB) [14]. Since large single crystals became available for
transport studies, a better insight has been gained on the
influence of these donors on the electronic response of
anatase. Above �60 K, the electrons thermally excited
into the CB give rise to metalliclike transport. At lower
temperatures, the anomalous increase of resistivity indi-
cates that the charge carriers are not bare electrons
but polarons [14], i.e., electrons coherently coupled to a
lattice distortion induced by the Coulomb interaction.
Understanding the properties of such composite particles
in anatase is important to better engineer the material for
targeted applications, where the low electron mobility
often represents the overall performance bottleneck. We
will also demonstrate that, from the point of view of
fundamental physics, anatase represents an excellent
model compound to study the behavior of the ‘‘rare’’ large
polaron quasiparticles (QPs), intermediate between local-
ized small polarons and free electrons.

We performed angle resolved photoemission (ARPES)
measurements on TiO2 single crystals [Fig. 1(a)] and thin
films grown in situ on insulating LaAlO3 and conducting
Nb-doped SrTiO3 (Nb:STO) substrates. Clean (001) sur-
faces were prepared as described in the Supplemental
Material [15]. The results presented have been obtained
consistently both for single crystals and thin films, and
therefore reflect intrinsic properties of the anatase phase,
independent of the sample preparation method. The thin
film samples grown on Nb:STO yielded somewhat sharper
spectral features, reflecting a better surface quality [15].
While oxygen defects are always present to some extent
after the surface preparation, exposure to UV photons indu-
ces a much larger amount of vacancies, and provides a
substantial electron doping [16]. Hence, we could tune the
electron density over more than 2 orders of magnitude by
varying the beam intensity and the oxygen partial pressure
during the ARPES experiment, and explore samples with
carrier densities in the 1018–1020 cm�3 range.
Figures 1(c) and 1(d) show two ARPES constant energy

maps measured at the Fermi level in two perpendicular
sections ofmomentum space, parallel (c) and perpendicular
(d) to the (001) surface. The two planes completely define
the three-dimensional (3D) Fermi surface (FS) of an ellip-
soidal electron pocket, elongated in the kz direction and
centered at the� point, center of the 3DBrillouin zone (BZ)
[Fig. 1(b)]. The data are in agreement with theoretical
calculations for the bottom of the conduction band of ana-
tase TiO2 [17], and more importantly, they establish the
existence of conduction electrons with a well-defined FS in
electron-doped anatase. Note that the closed FS contour
proves the 3D nature of the electronic dispersion, in contrast
with the two-dimensional character of the metallic states
observed at the surface of SrTiO3 [18,19] and KTaO3 [20].
The ARPES intensity map of Fig. 1(e) illustrates the

energy-momentum dispersion of the conduction states for
a sample with electron density ne � 3:5� 1019 cm�3, as
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determined from the volume of the electron pocket. It
consists of a shallow QP band with the minimum at

�40 meV, which crosses the Fermi level EF at kF ¼
�0:12 �A�1. Remarkably, the QP band is followed by a
satellite with a similar dispersion at �100 meV higher
binding energy, and by a broad tail. The satellite is more
clearly resolved in samples with lower carrier densities,
e.g., in the spectrum of panel (f) measured on a sample
with ne � 5� 1018 cm�3, where also a weaker replica is
visible �100 meV below the first satellite.

The intensity distribution of Fig. 1(e) reveals the clearly
dispersive nature of the states, but also a substantial renor-
malization of the spectral function, incompatible with a
simple scenario of a metal with weakly interacting elec-
trons. A parabolic fit yields an effective mass of m�

xy ¼
ð0:7� 0:05Þme, where me is the bare electron mass. A
comparison with mxy ¼ 0:42me from a band structure cal-

culation [21], yields a mass renormalization ðm�
xy=mxyÞ �

1:7. Indeed, at these carrier densities (ne�1018–1019 cm�3)
the low energy states appear to fit in the intermediate regime
of the so-called large polarons. The electron-phonon (e-ph)
coupling induced by the ionic anatase lattice causes the QP
dressing and the mass enhancement, but the polaron
wave functions extend over several lattice constants. We
stress here that, although similar claims are valid for the
rutile phase of TiO2 [22], the same ARPES experiment
repeated on several (001) rutile surfaces failed to show
any trace of a metallic edge, even after a long exposure to
the photon beam.

The well-known Franck-Condon scenario for an elec-
tron coupled to a vibrational mode provides a schematic

but instructive guideline to interpret the data [23]. In the
electron-removal spectrum, the main ‘‘zero phonon’’ peak
is followed by a progression of vibronic satellites, sepa-
rated by the phonon energy @!0, with peak intensities
following the Poisson distribution [24]. A Franck-
Condon line shape indeed provides a good qualitative
description of the spectrum of Fig. 1(f) for a phonon
energy of @!0 ¼ 108 meV, the energy of a longitudinal
optical (LO) Eu phonon mode observed by Raman spec-
troscopy [25]. Within the photoemission literature, the
series of distinct satellites is hardly observable, and the
distinctive sign of a polaronic system is the characteristic
‘‘peak-dip-hump’’ spectrum [26–29]. Figures 1(g)–1(i)
illustrate the physical picture underlying the polaron state
as measured by ARPES. After absorbing a photon (g), the
solid is left with a photohole coherently coupled to a
phonon cloud, moving through the lattice in its ground
state (h), or in one of its vibrational excited states (i).
The case (h) corresponds to the QP band, while (i) corre-
sponds to the satellite replica(s).
In order to get more quantitative information on the

effect of e-ph coupling in this (unusual) regime, we con-
sider, as appropriate for a polar material, a Fröhlich po-
laron model. It is characterized by the nonlocal interaction
between the electron and a LO phonon branch [24]:
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FIG. 1 (color online). (a) An as-grown anatase single crystal. (b) The BZ of anatase. (c),(d) constant energy maps at EF (T ¼ 20 K,
h� ¼ 85 eV) of electron-doped anatase (001) in the kxky (c) and kxkz (d) planes, respectively. The blue lines outline the boundaries of

the 3D BZs. (e) E vs k dispersion of the bottom of the conduction band for a sample with ne ’ 3:5� 1019 cm�3. (f) ARPES intensity
measured at k ¼ kF for a sample with ne ’ 5� 1018 cm�3. The solid line is a Frank-Condon line shape. Voigt peaks of width �E ¼
90 meV (FWHM) are separated by 108 meV, while intensities follow a Poisson distribution. (g)–(i) Cartoon of the polaron formation
induced by the photoemission process, showing the solid in its ground state (g) and two possible final states (h),(i) of ARPES.
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cy~k and by~q create, respectively, an electron with wave

vector ~k and a phonon with wave vector ~q. mb is the
band mass of the uncoupled electron and the dimensionless
constant � defines the e-ph coupling strength. For suffi-
ciently small dopings, a single-polaron approach is appro-
priate, since the effective polaron-polaron interaction is
weak in this limit.

The ARPES spectrum is proportional, via dipole matrix

elements, to the one-particle spectral function Að ~k; EÞ. For
a Fröhlich polaron it takes the form Að ~k; EÞ ¼ Að0Þ

c ð ~k; EÞ þ
Aðl>0Þ
inc ð ~k; EÞ. The coherent QP spectrum Að0Þ

c ð ~k; EÞ corre-

sponds to transitions to an excited state where the lattice
remains unperturbed. It follows the renormalized band

dispersion Eð0Þð ~kÞ ¼ @
2k2=2m� ��, where � is the

chemical potential. The remaining l > 0 contributions are
the incoherent parts of the spectrum, and involve l phonon
excitations in the final state. The leading l ¼ 1 term can be
calculated analytically. It exhibits a logarithmic singularity

at energyEð1Þð ~kÞ ¼ Eð0Þð ~kÞ � @!0, i.e., the same dispersion
as the QP band, and increased broadening [15]. The l > 1
terms yield a fairly homogeneous background in the energy
ranges �l@!0 ��< E<�l@!0. Figure 2 compares the
experimental spectra extracted from the intensity map of
Fig. 1(e) with the calculated spectral function, including
the l ¼ 0 and l ¼ 1 terms, with @!0 ¼ 108 meV. A
Gaussian broadening (85 meV full width at half
maximum—FWHM) was applied to the theory. It accounts
for the coupling to low-energy phonons and other scatter-
ing mechanisms, and for the instrumental resolution
(30 meV). The overall agreement between theory and
experiment is very satisfactory, considering that the theory
does not include the background tail of the l > 1 terms.

The above calculation is too simple to provide an accu-
rate estimation on the strength of the e-ph coupling. We
can assess it more reliably analyzing the intensity distri-
bution of the ARPES signal between the two branches.
Quite generally, spectral weight is transferred from the QP
band to the incoherent satellites as the e-ph coupling is
increased. The coherent fraction ZðkFÞ of the total spectral
weight can be inferred from the experimental spectrum of

Fig. 1(f), yielding ZðkFÞ ¼ 0:36. For this value, diagram-
matic quantum Monte Carlo simulations of the electron
addition spectrum deduce an e-ph coupling constant � ’ 2
[30], in a regime of intermediate coupling. Using as a
starting point the experimentally observed mass renormal-
ization factor of 1.7, the same numerical calculations
predict � ’ 2:5, in fairly good agreement and in the
same coupling regime.
The size of the e-ph coupling also has an influence on

the energy broadening of the photoemission signal. This is
illustrated by the spectra in Fig. 3(a), measured between
20 K and 300 K on a sample with ne ’ 5� 1018 cm�3. The
spectral line shape exhibits a temperature dependence
besides the trivial broadening of the Fermi cutoff. The
intrinsic (Lorentzian) FWHM �EL of the QP peak,
extracted from the spectra after removal of an experimental
(Gaussian) broadening, is shown in Fig. 3(b).�EL exhibits
an approximately linear T dependence above T ¼ 150 K,
and saturates below T ¼ 50–60 K to a value �55 meV,
which includes contributions from impurity scattering and
from the finite photoelectron lifetime. The data are well
described by the Bloch-Grüneisen curve modeling resis-
tivity in metals [31]. From its high temperature limit
�EL ¼ 2��kBT one can extract the mass-enhancement
parameter � ’ 0:7, which again yields ðm�

xy=mxyÞ ¼ 1þ
� ¼ 1:7. This � accounts for the electron interaction with
all the phonons, in particular with the low-energy acoustic
modes, and should not be confused with � introduced
above, which embodies the coupling with the single LO
mode at 108 meV.
We now turn to the doping dependence of the spectra.

During the ARPES measurement, oxygen vacancies are
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FIG. 2 (color online). (a) Spectra extracted from the intensity
map of Fig. 1(e) in the range �0:25< kx < 0:25 �A�1.
(b) Spectral function Aðk; EÞ for the Fröhlich polaron, including
the QP term and the leading l ¼ 1 incoherent contribution,
corresponding to the first phonon satellite.
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FIG. 3 (color online). (a) Spectra measured between T ¼ 20 K
and T ¼ 300 K on a sample with ne ’ 5� 1018 cm�3, showing
a progressive broadening with increasing temperature. The sig-
nal extracted from the shallow electron pocket was integrated
over a momentum range of �kF < kx < kF. (b) Temperature-
dependent intrinsic QP line width. Colors of the symbols
correspond to those of the spectra in (a). The line is a Bloch-
Grüneisen curve.
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created by the photon beam in a thin layer below the
surface. If the sample is at the same time exposed to a
small O2 partial pressure, a competing reoxidation process
takes place. A dynamic equilibrium is reached, which
depends on the photon flux at the sample. This offers a
unique opportunity to study the electronic states of anatase
at various electron densities, without changing ex situ
the stoichiometry or adding extrinsic impurities. In the
following experiment, we kept the photon flux on the
sample constant, and varied the oxygen pressure between
2� 10�10 and 5� 10�8 mbar. The corresponding elec-
tron densities, estimated from the volume of the elec-
tron pocket at the bottom of the CB, varied between
�5� 1020 cm�3 and 1018 cm�3, respectively. At constant
oxygen pressure, data could be collected for several hours
without appreciable changes.

Figure 4 shows spectra of the CB for various doping
levels. Panel (a) for ne ¼ 5� 1018 cm�3 shows a very
shallow electron pocket and well-defined satellites. At T ¼
20 K, the momentum width �k of the ARPES spectral

function at kF gives a QP coherence length l ¼ 1=�k ¼
7 �A. Therefore, in this low-density limit the polaronic QPs
cannot move freely for more than�2 unit cells. Increasing

the carrier density to ne ¼ 3� 1019 cm�3 in (b) and to
ne ¼ 1� 1020 cm�3 in (c), one observes that (i) the QP
band dispersion deviates from a parabola, and (ii) near the
bottom of the band, the QP intensity is reduced and the
satellite spreads into the background. At ne ¼ 3:5�
1020 cm�3 the QP band is visible only near the Fermi level
crossings at �kF. For smaller wave vectors, the QP inten-
sity is strongly suppressed, with most of the spectral weight
spread over a broad energy range (the ‘‘hump’’).
The dispersion seen in Figs. 4(d1) and (d2) in the vicinity

of E ¼ @!0 is reminiscent of the characteristic kink struc-
ture encountered in several Fermi liquids with more mod-
erate e-ph coupling. The evolution of the CB states with
doping indeed suggests a breakdown of the single-polaron
picture, as charges added to the CB progressively screen
the e-ph interaction. Polarons, which are well-defined QPs
at low density, eventually lose coherence and dissociate
into an electron liquid coupled to the phonon(s). The
spectral weight distribution for high dopings can be repro-
duced by standard perturbation theory [24] (Supplemental
Material [15]).
Our observations shed light on the conduction mecha-

nisms taking place in anatase-based devices, and in par-
ticular on the role of the e-ph coupling, which has been
shown to represent the dominant scattering process at
typical operating temperatures in pristine and doped films
[9]. The tunability of the doping level by UV (or e-beam)
illumination over a very broad range is attractive for
numerous applications, and in particular in the field of
transparent conductors. Carrier densities >1020 cm�3,
necessary for thin film operation, can be reached without
extrinsic metal dopants, which are additional scattering
centers [10]. Moreover, the possibility of after-growth
patterning of conductive paths could yield important prac-
tical advantages. Namely, the initial growth conditions
could be set independently of the required final conductiv-
ity, and etching processes often involved in oxide structur-
ing could potentially be avoided.
Finally, the present study is likewise relevant for

anatase-based devices employing nanostructured materi-
als, where the overall transport properties depend on inter-
as well as intraparticle processes. The crossover from a
polaronic to a diffusive regime is expected to occur
when the overlap between the polaron clouds becomes
significant. The ARPES data of Fig. 4 suggest that this
happens around n�e ’ 1019 cm�3. Estimating the polaron
radius rp from the average separation between polarons

d� n�1=3 ¼ 2rp, gives rp � 20 �A. By comparison,

Fröhlich’s model in the intermediate coupling regime

yields rp ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@=2m�!0

p ’ 10 �A. Both values are much

smaller than the typical dimensions (few nm) of anatase
nanoparticles considered for applications. Therefore, the
polaronic nature of the QPs and their evolution upon
electron doping must necessarily be taken into account
when modeling transport in actual devices.
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FIG. 4 (color online). Evolution of the CB states with doping.
The ARPES spectra (h� ¼ 85 eV) were measured at T ¼ 20 K
along the dashed line (ky ¼ 2�=a) of Fig. 1(c) for samples with

ne ¼ 5� 1018 cm�3 (a1), ne ¼ 3� 1019 cm�3 (b1), ne ¼ 1�
1020 cm�3 (c1), and ne ¼ 3:5� 1020 cm�3 (d1). The same data
are also presented as E vs kx image plots in the bottom panels
(a2)–(d2). A doping scan with finer steps is presented as a movie
with the Supplemental Material [15].
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[14] J. Jaćimović, C. Vaju, A. Magrez, H. Berger, L. Forró, R.
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Rozenberg, Nature (London) 469, 189 (2011).

[19] W. Meevasana, P. D. C. King, R. H. He, S. . K. Mo, M.
Hashimoto, A. Tamai, P. Songsiriritthigul, F. Baumberger,
and Z.X. Shen, Nat. Mater. 10, 114 (2011).

[20] P. D. C. King, R. H. He, T. Eknapakul, P. Buaphet, S.-K.
Mo, Y. Kaneko, S. Harashima, Y. Hikita, M. S. Bahramy,
C. Bell, Z. Hussain, Y. Tokura, Z.-X. Shen, H. Y. Hwang,
F. Baumberger, and W. Meevasana, Phys. Rev. Lett. 108,
117602 (2012).

[21] T. Hitosugi, H. Kamisaka, K. Yamashita, H. Nogawa, Y.
Furubayashi, S. Nakao, N. Yamada, A. Chikamatsu, H.
Kumigashira, M. Oshima, Y. Hirose, T. Shimada, and T.
Hasegawa, Appl. Phys. Express 1, 111203 (2008).

[22] E. Hendry, F. Wang, J. Shan, T. F. Heinz, and M. Bonn,
Phys. Rev. B 69, 081101 (2004).

[23] G. A. Sawatzky, Nature (London) 342, 480 (1989).
[24] G. D. Mahan, Many-Particle Physics (Plenum, New York,

1993), 2nd ed.
[25] R. J. Gonzalez, R. Zallen, and H. Berger, Phys. Rev. B 55,

7014 (1997).
[26] K.M. Shen, F. Ronning, D. H. Lu, W. S. Lee, N. J. C. Ingle,

W. Meevasana, F. Baumberger, A. Damascelli, N. P.
Armitage, L. L. Miller, Y. Kohsaka, M. Azuma, M.
Takano, H. Takagi, and Z.X. Shen, Phys. Rev. Lett. 93,
267002 (2004).

[27] N. Mannella, W. L. Yang, X. J. Zhou, H. Zheng, J. F.
Mitchell, J. Zaanen, T. P. Devereaux, N. Nagaosa, Z.
Hussain, and Z.X. Shen, Nature (London) 438, 474
(2005).

[28] F. Massee, S. de Jong, Y. Huang, W.K. Siu, I. Santoso, A.
Mans, A. T. Boothroyd, D. Prabhakaran, R. Follath, A.
Varykhalov, L. Patthey, M. Shi, J. B. Goedkoop, and M. S.
Golden, Nat. Phys. 7, 978 (2011).

[29] W. S. Lee, S. Johnston, B. Moritz, J. Lee, M. Yi, K. J.
Zhou, T. Schmitt, L. Patthey, V. Strocov, K. Kudo, Y.
Koike, J. van den Brink, T. P. Devereaux, and Z.X. Shen,
arXiv:1301.4267.

[30] A. S. Mishchenko, N. V. Prokof’ev, A. Sakamoto, and
B.V. Svistunov, Phys. Rev. B 62, 6317 (2000).

[31] P. B. Allen and N. Chetty, Phys. Rev. B 50, 14 855 (1994).

PRL 110, 196403 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
10 MAY 2013

196403-5

http://dx.doi.org/10.1126/science.1061051
http://dx.doi.org/10.1038/nmat2466
http://dx.doi.org/10.1038/238037a0
http://dx.doi.org/10.1038/238037a0
http://dx.doi.org/10.1038/nature08166
http://dx.doi.org/10.1038/nmat1099
http://dx.doi.org/10.1038/353737a0
http://dx.doi.org/10.1038/353737a0
http://dx.doi.org/10.1021/nn800174y
http://dx.doi.org/10.1038/nnano.2009.226
http://dx.doi.org/10.1038/nnano.2009.226
http://dx.doi.org/10.1063/1.1949728
http://dx.doi.org/10.1063/1.1949728
http://dx.doi.org/10.1557/mrs2000.151
http://dx.doi.org/10.1016/0038-1098(93)90427-O
http://dx.doi.org/10.1063/1.355801
http://dx.doi.org/10.1143/APEX.4.035801
http://dx.doi.org/10.1143/APEX.4.035801
http://dx.doi.org/10.1209/0295-5075/99/57005
http://dx.doi.org/10.1209/0295-5075/99/57005
http://link.aps.org/supplemental/10.1103/PhysRevLett.110.196403
http://link.aps.org/supplemental/10.1103/PhysRevLett.110.196403
http://dx.doi.org/10.1088/0953-8984/19/8/082202
http://dx.doi.org/10.1088/0953-8984/19/8/082202
http://dx.doi.org/10.1103/PhysRevB.82.045207
http://dx.doi.org/10.1103/PhysRevB.82.045207
http://dx.doi.org/10.1038/nature09720
http://dx.doi.org/10.1038/nmat2943
http://dx.doi.org/10.1103/PhysRevLett.108.117602
http://dx.doi.org/10.1103/PhysRevLett.108.117602
http://dx.doi.org/10.1143/APEX.1.111203
http://dx.doi.org/10.1103/PhysRevB.69.081101
http://dx.doi.org/10.1038/342480a0
http://dx.doi.org/10.1103/PhysRevB.55.7014
http://dx.doi.org/10.1103/PhysRevB.55.7014
http://dx.doi.org/10.1103/PhysRevLett.93.267002
http://dx.doi.org/10.1103/PhysRevLett.93.267002
http://dx.doi.org/10.1038/nature04273
http://dx.doi.org/10.1038/nature04273
http://dx.doi.org/10.1038/nphys2089
http://arXiv.org/abs/1301.4267
http://dx.doi.org/10.1103/PhysRevB.62.6317
http://dx.doi.org/10.1103/PhysRevB.50.14855

