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All-optical addressing and coherent control of single solid-state based quantum bits is a key tool for fast
and precise control of ground-state spin qubits. So far, all-optical addressing of qubits was demonstrated
only in a very few systems, such as color centers and quantum dots. Here, we perform high-resolution
spectroscopic of native and implanted single rare earth ions in solid, namely, a cerium ion in yttrium
aluminum garnet (YAG) crystal. We find narrow and spectrally stable optical transitions between the spin
sublevels of the ground and excited optical states. Utilizing these transitions we demonstrate the generation
of a coherent dark state in electron spin sublevels of a single Ce3þ ion in YAG by coherent population
trapping.
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Coherent population trapping (CPT) [1–4] is an all-
opticalway of coherentmanipulation of electron and nuclear
spin qubits. CPT and related physical phenomena (slow
light, electromagnetically induced transparency, etc.) were
initially applied to quantum ensembles. In recent years,
however, it has been demonstrated on single fluorescent
centers in solids [5–9], resulting in the all-optical control of
single qubits [10,11], which is a significant step towards fast
and high fidelity control of single qubit spins [12,13].
Rare earth ions residing in inorganic crystal have been

widely studied and applied in fields ranging from solid-
state spectroscopy and laser physics [14] to quantum
information processing [15], due to their narrow optical
transitions [16,17] and long spin coherence time [18,19]. In
particular, rare earth ions in solids are promising systems
for quantum information storage and processing [20,21].
Achievements comprise six hours coherence time of
nuclear spins in Eu∶Y2SiO5 crystal [22], coherent storage
of single photon states in Nd∶YVO4 [23] and entangled
photon pairs in Nd∶Y2SiO5 crystals [24]. In addition to
progress made with ensembles of rare earth ions, the
detection of individual ions has been demonstrated in three
rare earth species recently [25–29]. High fidelity spin
control of single Ce3þ ion has been demonstrated by
applying a resonant microwave field [30]. With this micro-
wave control, the electron spin coherence time was
extended from 150 ns to 2 ms by using the dynamical
decoupling technique. Extending these findings to all-
optical spin control would enable much faster control
and would make the best use of the photon-spin coupling
of rare earth ions.

Here, we report on CPT in a “dark” coherent super-
position of the electron spin sublevels of a single Ce3þ ion
in yttrium aluminum garnet (YAG) based on resonant
optical excitation. CPT results in lower fluorescence yield
of a Ce3þ center when it is excited by two laser fields in
two-photon resonance with the ground-state spin transition.
Spectroscopic properties of resonant optical transitions of

FIG. 1 (color online). (a). Unit cell of a YAG crystal.
(b) Energy levels of Ce3þ ions in YAG. (c) SEM image of a
SIL on the surface of the YAG crystal. (d) Laser scanning
microscopy image of Ce3þ ions underneath the SIL. The Ce3þ
ion is excited by a 440 nm pulsed laser through the phonon
absorption sideband. Bright spots correspond to individual
Ce3þ ions.
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single native ions as well as single implanted ions have
been studied. These studies reveal an optical linewidth of
∼2π × 80 MHz and small spectral diffusion compared to
color centers in diamond [31,32] and quantum dots [33].
Figure 1(a) shows the unit cell of a YAG (Y3Al5O12)

crystal. Trivalent cerium ions substitute trivalent yttrium
ions and form color centers. Cerium can be found in
yttrium-containing crystals as residual impurities.
Alternatively, individual Ce can be introduced into the
crystal artificially by doping during the crystal growth or by
ion implantation. The energy levels of Ce3þ in YAG are
shown in Fig. 1(b) [26,34]. Ce3þ has only one unpaired
electron, and its ground states are located in the 4f1 shell.
Electrons in the 4f shell are efficiently screened by closed
outer lying 5s and 5p shells. This screening is responsible
for the weak interaction between ions and their surrounding
environment. The ground state is split into two sublevels,
2F5=2 and 2F7=2, due to spin-orbit coupling. These two
sublevels are further split by the crystal field interaction
into three and four Kramers doublets, respectively. If an
external magnetic field is applied, the degeneracy of these
seven Kramers doublets is lifted. The excited state is
located in the 5d shell. It splits into five Kramers doublets
due to the combined action of the spin-orbit coupling and
the crystal field. The energy difference between the two
lowest 5d Kramers doublets is approximately 8000 cm−1

[26,34] and, therefore, the excited states can be optically
addressed individually. In addition, the quantum efficiency
of the 5d → 4f transitions is close to 100% [35]. The
lifetime of the lowest 5d state is 60 ns [26,36].
In the experiment, a ½ 1 1 0 � oriented ultrapure YAG

crystal (Scientific Materials) is used. An external magnetic
field (B ≈ 450 G) is applied perpendicular to the laser beam
direction so that four optical transitions between the two
pairs of spin states of the 4f and 5d levels are allowed, as
shown in Fig. 1(c) [26]. A Λ scheme, which is a

requirement for CPT, can be formed by optically mixing
both ground states to either of the excited spin states. Single
Ce3þ ions are detected under a home-built high-resolution
confocal microscope at cryogenic temperature (T ≈ 3.5 K).
A solid immersion lens (SIL) is milled by focused ion beam
on the surface of the YAG crystal to improve the spatial
resolution and the fluorescence collection efficiency of the
confocal microscope [37] [see Fig. 1(c)]. The laser scan-
ning microscopy image shown in Fig. 1(d) is obtained
through nonresonant pulsed excitation (440 nm) with a
frequency-doubled femtosecond Ti:sapphire laser. Each
bright spot corresponds to an individual native Ce3þ ion.
The emitted photons associated with a broad phonon
sideband are detected by an avalanche photodiode in a
spectral range between 500 and 625 nm (see our previous
work [30]). A tunable single-mode narrow linewidth
(∼500 kHz) continuous wave (cw) laser (wavelength of
489.15 nm, Toptica Photonics DL pro) is used to resonantly
excite single Ce ions.
A portion of the emission spectrum of a single Ce3þ ion

in the vicinity of its zero-phonon line (ZPL), measured by a
high-resolution spectrometer, is shown in Fig. 2(a). A sharp
ZPL is located at 489.15 nm and is accompanied by a red-
shifted phonon sideband partly shown in the figure [38].
A cw laser is swept across the ZPL position to obtain the

excitation spectrum of the single Ce ion shown in Fig. 2(b).
Four individual optical excitation-transition lines are well
resolved. These lines correspond to four different optical
transitions between the lowest Kramers doublets of the
ground state and of the excited state with the assignment
indicated in Fig. 2(b). The FWHM of the optical transitions
is ∼2π × 80 MHz, which is broader than the lifetime
limited linewidth 2π × 4 MHz. This broadening is caused
mainly by the strong 27Al nuclear spin bath; i.e., it
represents an intrinsic property of the host material [30].

FIG. 2 (color online). (a) Emission spectrum of a single Ce3þ ion at cryogenic temperature, showing a sharp ZPL and broad phonon
absorption sideband. The single Ce∶YAG is excited by a 440 nm femtosecond laser with a 7.6 MHz repetition rate. The spectrometer
has 1800 grooves/mm grating and the integration time is 5 min. (b) Excitation spectrum of the single Ce3þ ion. The cw diode laser with a
wavelength of 489.15 nm is swept, while the pulsed laser at 440 nm repumps the ion. An additional microwave (MW) field frequency of
1.15 GHz is applied simultaneously. The frequency matches the splitting of the lowest ground-state spin transitions. (c) 20 successive
photoluminescence excitation sweeps of a native single Ce ion. (d) Consecutive frequency sweeps of a single Ce ion created by focused
ion implantation.
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By monitoring the fluorescence during each successive
frequency sweep through the resonant transitions, we
observe stable optical resonance lines without obvious
spectral diffusion, as shown in Fig 2(c). It indicates that
native single Ce ions have a specially good spectral stability
under resonant excitation.
In addition to the native single Ce centers, the spectral

stability of Ce ions created by ion implantation has been
investigated [see Fig. 2(d)]. With high-dose implantation,
we found about 100 ions in one confocal spot (see the
Supplemental Material [39]). The optical transition line-
width of the implanted Ce ions is ∼2π × 150 MHz,
increased mainly due to the extra strain introduced by
ion implantation. Since this linewidth is much narrower
than the inhomogeneous width of ∼2π × 550 GHz, it is
possible to address a single Ce3þ ion by tuning the
excitation laser wavelength into resonance with the optical
transitions. Compared to other solid-state systems, e.g.,
defects in diamond and quantum dots [6,8,9,31,32], an
implanted single Ce3þ ion presents narrow optical
transitions and a stable spectrum. The combination of
narrow optical transitions and spectral stability makes
precision optical control of single Ce ion spins possible
comparable to single praseodymium ions in solids
[28,29,40].
In order to measure the excitation spectrum of a single

Ce3þ ion, a cw laser is applied to resonant excitation as well
as a low repetition rate, femtosecond laser with high peak
intensity. If a single Ce3þ ion is excited with a cw laser
only, its fluorescence intensity shows a smooth decay and
quickly goes to background level in a few seconds, as
shown in Fig. 3(a). The decay curve in Fig. 3(a) is the
observation of a fluorescence time trace of the single Ce ion
under cw laser excitation only. Uncommonly, in contrast to
all other single emitters, a gradual decay of the fluorescence
is observed and not the usual stepwise bleaching. In order
to explain such gradual bleaching of a single Ce3þ ion, we
propose a model involving two competing processes:
(1) photoionization from Ce3þ into Ce4þ and (2) restoration
of the Ce3þ ion by taking an electron from a nearby deep
donor. As long as there are enough deep donors in the
vicinity of the ion, the cerium remains in its trivalent state
and fluoresces. However, a gradual reduction of the number
of donors reduces the probability of restoring the trivalent
state of cerium. This leads to a gradual decrease of the
fluorescence intensity. The charge dynamics of single ions
observed here is consistent with previous observations in
ensembles [36,41,42]. It also explains why attempts to
detect single Ce ions under cw laser excitation were
unsuccessful [26].
Surprisingly, a femtosecond laser featuring a high peak

intensity restores the population of donors, which helps
the Ce ion pumping back to the Ce3þ charge state [see
Figs. 3(a) and 3(b)]. Therefore, to keep the Ce ion photo-
stable, we apply cw and pulsed lasers simultaneously in the

experiments. Details of these charge dynamics are dis-
cussed in the Supplemental Material [39].
From the four different optical transitions of single Ce

ions, a Λ system can be formed, consisting of two ground
states and either one of the excited states. In our experi-
ments, we choose the Λ system with transitionsD1 andD3.
To observe CPT, the pump laser frequency is fixed on the
transition line D1, and the frequency of the probe laser is
swept around the frequency of the D3 transition.
Simultaneously, the fluorescence intensity of the single
Ce3þ ion is monitored, which is shown in Fig. 4(b). It
contains a broad peak with a dip going down nearly to the
background level. The total width of the peak is consistent
with the optical transition linewidth [Fig. 2(b)]. The dip is
centered exactly at the D3 transition, indicating that the
ground-state population is coherently trapped in a
dark state.
The observed dip width is around 2π × 35 MHz, caused

by several sources of decoherence, including the intrinsic
linewidth of the ground-state spin transition and the laser
power induced broadening. To understand this 2π ×
35 MHz CPT linewidth, we perform optically detected
magnetic resonance (ODMR) on the ground states to obtain
the intrinsic linewidth of the ground-state spin transition.
We use a laser excitation resonant with the D3 transition to
initialize the ion into the spin-up state. Microwave (MW)
radiation is applied through the wire located next to the
position of the ion under investigation. Then, the MW
frequency is swept through resonance of the ground-state
spin transition. The power of both the laser and the MW is
kept low to avoid power broadening (tens of microwatts of

FIG. 3 (color online). (a) Fluorescence intensity of a single Ce
ion under pulsed and cw laser excitation. (b) Scheme of the laser
pulse sequences. The pulsed laser is used to bring the Ce3þ back
and the Ce∶YAG is ionized by cw laser excitation when the
pulsed laser is switched off. The femtosecond pulsed laser
wavelength is 448 nm. The repetition rate is 2.5 MHz and the
average laser power is 10 μW=cm2. A blue diode laser (451 nm)
with 150 μW power is used as the cw laser.
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laser power and ∼1 dBm microwave power according to
the waveguide structure). For the off-resonant MWs, the
electron spin stays in the spin-up state and the fluorescence
level is low. Once the MW field is in resonance with the
spin transition, the electron is pumped back to the spin-
down state, resulting in a higher fluorescence yield [see
Fig. 4(a)]. From the observed high-contrast ODMR signal,
we deduce a fidelity of the initialization of more than 98%.
The initialization fidelity is much higher than the 50.2%
population at 3.5 K. The inhomogeneous linewidth of the
spin transition is 2π × 8.4 MHz, in agreement with our
previous measurements [30]. This value is smaller than the
linewidth of the CPT dip, indicating that the resonance is
broadened by laser power.
By fitting the measured fluorescence intensity with the

solution for the density matrix equations of the four-level

system, we obtain excellent agreement between theoretical
and experimental results (see the Supplemental Material
[39]). From the fits, we can estimate the driving strength to
be 2π × 62 MHz for the D1 transition. The pump laser
induced Rabi splitting with a much weaker dip, as shown in
Fig. 4(b), further indicates that the observed dip corre-
sponds to the successful formation of a coherent dark state.
To quantify the power broadening effect, we measured

the CPT dip width for various laser powers. The linewidths
are linearly dependent on the laser power, as shown in
Fig. 4(c), in agreement with expectations. Through a
linear fitting, we extract a linewidth ∼10.7� 3.2 MHz
without laser broadening. The value is consistent with an
intrinsic linewidth 8.4 MHz, obtained from the ODMR
measurement.
In conclusion, we showed narrow-linewidth, resonant

transitions, and good spectral stability for both native and
focused ion beam implanted single Ce ions. Based on these
optical properties, we demonstrated all optical formation of
steady-state coherent dark states of single Ce3þ ions by the
CPT technique. All-optical control of a single spin qubit
based on a Ce3þ ion can thus be realized by dynamically
manipulating coherent laser fields. In addition, on-chip
photonic circuits for this system add another critical
element for their use in quantum technology.

We would like to thank Philippe Goldner, Alban Ferrier,
Rainer Stöhr, and Nan Zhao for the discussions. The work
is financially supported by ERC SQUTEC, EU-SIQS SFB
TR21, and DFG KO4999/1-1.

*k.xia@physik.uni‑stuttgart.de
[1] H. Gray, R. Whitley, and C. Stroud, Opt. Lett. 3, 218 (1978).
[2] K.-J. Boller, A. Imamoğlu, and S. E. Harris, Phys. Rev. Lett.

66, 2593 (1991).
[3] M. Fleischhauer, A. Imamoğlu, and J. P. Marangos, Rev.

Mod. Phys. 77, 633 (2005).
[4] S. E. Harris, Phys. Today 50, No. 7, 36 (1997).
[5] C. Santori et al., Phys. Rev. Lett. 97, 247401 (2006).
[6] X. Xu, B. Sun, P. R. Berman, D. G. Steel, A. S. Bracker, D.

Gammon, and L. Sham, Nat. Phys. 4, 692 (2008).
[7] E. Togan, Y. Chu, A. Imamoğlu, and M. Lukin, Nature

(London) 478, 497 (2011).
[8] B. Pingault, J. N. Becker, C. H. H. Schulte, C. Arend, C.

Hepp, T. Godde, A. I. Tartakovskii, M. Markham, C.
Becher, and M. Atatüre, Phys. Rev. Lett. 113, 263601
(2014).

[9] L. J. Rogers et al., Phys. Rev. Lett. 113, 263602 (2014).
[10] K. De Greve et al., Nat. Phys. 7, 872 (2011).
[11] C. G. Yale, B. B. Buckley, D. J. Christle, G. Burkard, F. J.

Heremans, L. C. Bassett, and D. D. Awschalom, Proc. Natl.
Acad. Sci. U.S.A. 110, 7595 (2013).

[12] D. D. Awschalom, L. C. Bassett, A. S. Dzurak, E. L. Hu, and
J. R. Petta, Science 339, 1174 (2013).

[13] W. B. Gao, A. Imamoğlu, H. Bernien, and R. Hanson, Nat.
Photonics 9, 363 (2015).

[14] P. Urquhart, IEE Proc-J: Optoelectronics 135, 385 (1988).

FIG. 4 (color online). (a) ODMR of the single Ce3þ ion. During
the MW frequency sweep, the cw laser is turned on to resonantly
excite the Ce∶YAG through the D3 transition. (Inset) Scheme of
a single Ce3þ ion ODMR. (b) CPT of the single Ce3þ ion. The
frequency of the pump laser is the same as the one in the D1
transition. The probe laser is passed through three acousto-optic
modulators to have a 980 to 1250 MHz tuning range to sweep
around the D3 transition. The pulsed laser is electrically chopped
with a 2.5 kHz repetition rate to avoid ionizing the Ce ion to the
Ce4þ state. The red curve corresponds to the fitting of this CPT
process. The blue curve shows the result of a Rabi splitting
simulation. (c) The linewidth of CPT dips as a function of the
pump laser induced Rabi frequency.

PRL 115, 093602 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

28 AUGUST 2015

093602-4

http://dx.doi.org/10.1364/OL.3.000218
http://dx.doi.org/10.1103/PhysRevLett.66.2593
http://dx.doi.org/10.1103/PhysRevLett.66.2593
http://dx.doi.org/10.1103/RevModPhys.77.633
http://dx.doi.org/10.1103/RevModPhys.77.633
http://dx.doi.org/10.1063/1.881806
http://dx.doi.org/10.1103/PhysRevLett.97.247401
http://dx.doi.org/10.1038/nphys1054
http://dx.doi.org/10.1038/nature10528
http://dx.doi.org/10.1038/nature10528
http://dx.doi.org/10.1103/PhysRevLett.113.263601
http://dx.doi.org/10.1103/PhysRevLett.113.263601
http://dx.doi.org/10.1103/PhysRevLett.113.263602
http://dx.doi.org/10.1038/nphys2078
http://dx.doi.org/10.1073/pnas.1305920110
http://dx.doi.org/10.1073/pnas.1305920110
http://dx.doi.org/10.1126/science.1231364
http://dx.doi.org/10.1038/nphoton.2015.58
http://dx.doi.org/10.1038/nphoton.2015.58
http://dx.doi.org/10.1049/ip-j.1988.0071


[15] C. Thiel, T. Böttger, and R. Cone, J. Lumin. 131, 353
(2011).

[16] Y. Sun, C. Thiel, R. Cone, R. Equall, and R. Hutcheson,
J. Lumin. 98, 281 (2002).

[17] A. Perrot, P. Goldner, D. Giaume, M. Lovrić, C.
Andriamiadamanana, R. Gonçalves, and A. Ferrier, Phys.
Rev. Lett. 111, 203601 (2013).

[18] J. J. Longdell, E. Fraval, M. J. Sellars, and N. B. Manson,
Phys. Rev. Lett. 95, 063601 (2005).

[19] G. Heinze, C. Hubrich, and T. Halfmann, Phys. Rev. Lett.
111, 033601 (2013).

[20] A. V. Turukhin, V. S. Sudarshanam, M. S. Shahriar, J. A.
Musser, B. S. Ham, and P. R. Hemmer, Phys. Rev. Lett. 88,
023602 (2001).

[21] N. Ohlsson, R. K. Mohan, and S. Kröll, Opt. Commun. 201,
71 (2002).

[22] M. Zhong, M. P. Hedges, R. L. Ahlefeldt, J. G.
Bartholomew, S. E. Beavan, S. M. Wittig, J. J. Longdell,
and M. J. Sellars, Nature (London) 517, 177 (2015).

[23] H. De Riedmatten, M. Afzelius, M. U. Staudt, C. Simon,
and N. Gisin, Nature (London) 456, 773 (2008).

[24] C. Clausen, I. Usmani, F. Bussières, N. Sangouard, M.
Afzelius, H. de Riedmatten, and N. Gisin, Nature (London)
469, 508 (2011).

[25] R. Kolesov, K. Xia, R. Reuter, R. Stöhr, A. Zappe, J. Meijer,
P. Hemmer, and J. Wrachtrup, Nat. Commun. 3, 1029
(2012).

[26] R. Kolesov, K. Xia, R. Reuter, M. Jamali, R. Stöhr, T. Inal,
P. Siyushev, and J. Wrachtrup, Phys. Rev. Lett. 111, 120502
(2013).

[27] C. Yin, M. Rancic, G. G. de Boo, N. Stavrias, J. C.
McCallum, M. J. Sellars, and S. Rogge, Nature (London)
497, 91 (2013).

[28] T. Utikal, E. Eichhammer, L. Petersen, A. Renn, S.
Götzinger, and V. Sandoghdar, Nat. Commun. 5, 3627
(2014).

[29] E. Eichhammer, T. Utikal, S. Gützinger, and V. Sandoghdar,
New J. Phys. 17, 083018 (2015).

[30] P. Siyushev, K. Xia, R. Reuter, M. Jamali, N. Zhao, N. Yang,
C. Duan, N. Kukharchyk, A. Wieck, R. Kolesov, and
J. Wrachtrup, Nat. Commun. 5, 3895 (2014).

[31] P. Siyushev, H. Pinto, M. Vörös, A. Gali, F. Jelezko, and
J. Wrachtrup, Phys. Rev. Lett. 110, 167402 (2013).

[32] Y. Chu et al., Nano Lett. 14, 1982 (2014).
[33] D. Brunner, B. D. Gerardot, P. A. Dalgarno, G. Wüst, K.

Karrai, N. G. Stoltz, P. M. Petroff, and R. J. Warburton,
Science 325, 70 (2009).

[34] J. H. Yang and Y. Xu, Z. Phys. B 101, 23 (1996).
[35] M. Weber, Solid State Commun. 12, 741 (1973).
[36] D. S. Hamilton, S. K. Gayen, G. J. Pogatshnik, R. D. Ghen,

and W. J. Miniscalco, Phys. Rev. B 39, 8807 (1989).
[37] J. Hadden, J. Harrison, A. Stanley-Clarke, L. Marseglia,

Y.-L. Ho, B. Patton, J. OBrien, and J. Rarity, Appl. Phys.
Lett. 97, 241901 (2010).

[38] V. Bachmann, C. Ronda, and A. Meijerink, Chem. Mater.
21, 2077 (2009).

[39] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.115.093602 for the de-
tails of charge dynamics, ion implantation and 4 levelsCPT.

[40] I. Nakamura, T. Yoshihiro, H. Inagawa, S. Fujiyoshi, and
M. Matsushita, Sci. Rep. 4, 7364 (2014).

[41] W. Miniscalco, J. Pellegrino, and W. Yen, J. Appl. Phys. 49,
6109 (1978).

[42] V. V. Pavlov, V. V. Semashko, R. Rakhmatullin, V. Efimov,
S. L. Korableva, L. A. Nurtdinova, M. A. Marisov, and V. G.
Gorieva, JETP Lett. 97, 1 (2013).

PRL 115, 093602 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

28 AUGUST 2015

093602-5

http://dx.doi.org/10.1016/j.jlumin.2010.12.015
http://dx.doi.org/10.1016/j.jlumin.2010.12.015
http://dx.doi.org/10.1016/S0022-2313(02)00281-8
http://dx.doi.org/10.1103/PhysRevLett.111.203601
http://dx.doi.org/10.1103/PhysRevLett.111.203601
http://dx.doi.org/10.1103/PhysRevLett.95.063601
http://dx.doi.org/10.1103/PhysRevLett.111.033601
http://dx.doi.org/10.1103/PhysRevLett.111.033601
http://dx.doi.org/10.1103/PhysRevLett.88.023602
http://dx.doi.org/10.1103/PhysRevLett.88.023602
http://dx.doi.org/10.1016/S0030-4018(01)01666-2
http://dx.doi.org/10.1016/S0030-4018(01)01666-2
http://dx.doi.org/10.1038/nature14025
http://dx.doi.org/10.1038/nature07607
http://dx.doi.org/10.1038/nature09662
http://dx.doi.org/10.1038/nature09662
http://dx.doi.org/10.1038/ncomms2034
http://dx.doi.org/10.1038/ncomms2034
http://dx.doi.org/10.1103/PhysRevLett.111.120502
http://dx.doi.org/10.1103/PhysRevLett.111.120502
http://dx.doi.org/10.1038/nature12081
http://dx.doi.org/10.1038/nature12081
http://dx.doi.org/10.1038/ncomms4627
http://dx.doi.org/10.1038/ncomms4627
http://dx.doi.org/10.1088/1367-2630/17/8/083018
http://dx.doi.org/10.1038/ncomms4895
http://dx.doi.org/10.1103/PhysRevLett.110.167402
http://dx.doi.org/10.1021/nl404836p
http://dx.doi.org/10.1126/science.1173684
http://dx.doi.org/10.1007/s002570050176
http://dx.doi.org/10.1016/0038-1098(73)90326-8
http://dx.doi.org/10.1103/PhysRevB.39.8807
http://dx.doi.org/10.1063/1.3519847
http://dx.doi.org/10.1063/1.3519847
http://dx.doi.org/10.1021/cm8030768
http://dx.doi.org/10.1021/cm8030768
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.093602
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.093602
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.093602
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.093602
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.093602
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.093602
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.093602
http://dx.doi.org/10.1038/srep07364
http://dx.doi.org/10.1063/1.324531
http://dx.doi.org/10.1063/1.324531
http://dx.doi.org/10.1134/S0021364013010086

