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We study a voltage biased InAs double quantum dot (DQD) that is coupled to a superconducting
transmission line resonator. Inelastic tunneling in the DQD is mediated by electron phonon coupling and
coupling to the cavity mode. We show that electronic transport through the DQD leads to photon emission
from the cavity at a rate of 10 MHz. With a small cavity drive field, we observe a gain of up to 15 in the
cavity transmission. Our results are analyzed in the context of existing theoretical models and suggest that it
may be necessary to account for inelastic tunneling processes that proceed via simultaneous emission of a

phonon and a photon.
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Cavity quantum electrodynamics explores quantum
optics at the most basic level of a single photon interacting
with a single atom [1]. In a conventional laser, population
inversion of a large ensemble of atoms provides an optical
gain medium via stimulated emission. With just one or two
atoms in a laser cavity, novel quantum optical effects can be
observed. In cavity quantum electrodynamics, lasing has
been achieved for single Rydberg atoms passing through a
superconducting microwave cavity [2], and a single Ca
atom strongly coupled to a high finesse optical cavity [3].
Thresholdless lasing and antibunching of the emitted
photons were observed in the single atom limit. Lasing
has also been achieved in a solid-state device using a
quantum dot emitter as a single “artificial atom” inside a
micropillar cavity [4].

Circuit quantum electrodynamics exploits high quality
factor superconducting resonators to realize strong cou-
pling between microwave photons and a solid-state quan-
tum device [5]. For superconducting qubits, the resonator
enables qubit state readout and nonlocal qubit entangle-
ment [6,7]. In turn, superconducting qubits can be used
to program nonclassical photon states within the cavity
[8-10]. Experiments have also used microwave cavities to
explore photon emission from voltage-biased supercon-
ducting circuits [11,12]. More recently, quantum dots have
been integrated with superconducting microwave cavities,
with large charge-cavity couplings gy/27z~20-100 MHz
[13-17]. Spin-state readout [15] and nonlocal coupling
of distant quantum dot circuits [18] have also been
demonstrated.

It is well known that electron tunneling in semiconductor
double quantum dots (DQDs) can be driven by the
absorption of microwave photons in a process called
photon assisted tunneling (PAT) [19-21]. In this Letter,
we investigate the inverse process, and show that dc
transport of electrons leads to photon emission in a
cavity-coupled InAs nanowire DQD. Previous work on
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semiconductor DQDs showed that inelastic interdot tun-
neling processes are mediated by spontaneous emission of
a phonon [22,23]. DQDs have also been used as frequency-
selective single photon detectors [24]. In our system, a
charge-cavity coupling rate ¢y/27 ~ 16 MHz opens up
an additional channel for dissipation. Remarkably, we
observe a gain of up to 15 in cavity transmission near
the interdot charge transition with a device current / ~ 8§ nA
(see the Supplemental Material [25]). Additionally, in the
absence of a cavity drive, we directly measure a photon
emission rate AI',, ~ 10 MHz. Our experimental results
show that the cavity-coupled DQD provides fertile ground
for exploring quantum optics in condensed matter systems,
such as nonclassical states of light [26].

The hybrid device is shown in Fig. 1(a). A half-
wavelength superconducting Nb transmission line resona-
tor has a center frequency f. = 7862 MHz and quality
factor Q ~ 3600. Five Ti/Au bottom gates (B;, L, C, R,
Bpr) selectively deplete an InAs nanowire resulting in a
double well confinement potential, as shown in Fig. 1(b)
[27,28]. An excess charge trapped in the DQD interacts
with the electric field of the resonator leading to a large
charge-cavity coupling rate g,/2z ~ 16 MHz (see Ref. [15]
and the Supplemental Material [25]). The device is mea-
sured in a dilution refrigerator with a base temperature
of 10 mK.

With a source-drain bias applied across the DQD,
sequential tunneling is allowed within finite bias triangles
(FBTs) in the charge stability diagram, as schematically
shown in Fig. 1(c) [21]. Our experiments are performed in
the many-electron regime and we label the DQD charge
states (N;,Ng), where N; (Ng) denotes the number of
electrons in the left (right) quantum dot. In the lower FBT,
DQD transport follows the cycle (M,N) - (M, N + 1) —
(M +1,N) - (M, N). In Fig. 2(a) we plot I as a function
of V; and Vi with Vgp = 2.5 mV, revealing the FBTs.
Well outside of the FBTs, where I = 0, the DQD is deep in
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FIG. 1 (color online). (a) Optical micrograph of the hybrid
system. Inset: scanning electron micrograph of an InAs nanowire
DQD. (b) The DQD is formed by biasing gates B, By, and C at
negative voltages to form left and right tunnel barriers with rates
I';, and Tk, and an interdot tunnel barrier with rate ¢,./#. Cavity
photons are coupled to the input and output ports with rates «;,
and k.. A source-drain bias Vg = (up — pg)/e is applied to the
device. (c) Schematic of the charge stability diagram near the
(M, N+1)<>(M+1, N) interdot charge transition. Sequential
tunneling is allowed within FBTs in the charge stability diagram
(gray triangles). Inset: DQD energy level configuration in the
lower FBT.

Coulomb blockade and the charge state is fixed. Large
tunnel couplings to the leads results in some cotunneling
current between the FBTs.

Electronic transport can be driven by the absorption of a
photon in PAT [19,20]. Here we measure cavity transmission
in the presence of a source-drain bias to determine if
electronic transport results in photon emission. We apply
a microwave drive at f, = 7862 MHz with a power P =
—105 dBm and measure the amplitude A of the transmitted
field using heterodyne detection (see the Supplemental
Material [25]). Cavity transmission |[(A)|* is plotted as a
function of V; and Vj in Fig. 2(b). The cavity transmission
is normalized relative to the value measured deep in
Coulomb blockade, where the DQD is effectively decoupled
from the cavity [15]. Cavity transmission is reduced at
charge transitions that change the total electron number,
consistent with previous work [13—15]. However, in contrast
with previous work, we observe a gain [(A)[> > 1 along the
positive detuning side of the interdot charge transition where
electron transport proceeds downhill in energy (e and
Vsp > 0), indicating that photon emission is related to
the (M + 1,N) <> (M, N + 1) interdot charge transition.

The detuning dependence (in lever-arm corrected
units of meV) of the cavity transmission is investigated
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FIG. 2 (color online). (a) DQD current / plotted as a function of
V; and V with Vgp =2.5 mV. (b) The corresponding normalized
transmission [(A)|?. Gain is observed at positive detuning
(e > 0). (c) Energy level diagram at the (M, N+1)<>(M+1, N)
interdot charge transition, illustrating a possible gain mechanism.
(d) |{A)|? as a function of ¢ with Vgp, = 0 (upper panel) and Vgp =
2.5 mV (lower panel). Dashed lines are best fits to theory (see
main text). At finite bias, the model underestimates the gain and
range of detuning where gain occurs by a factor of ~4.

in Fig. 2(d) for Vqp = O (upper panel) and Vqp = 2.5 mV
(lower panel) (see the Supplemental Material [25]). For
Vsp =0, [(A)]? is reduced near € =0, consistent with
previous work [15]. In comparison, the data acquired with
Vsp = 2.5 mV show a gain |(A)|*> > 1 for ¢ >0 and a
damping |(A)|? < 1 for € < 0. The gain that is observed
for € > 0 indicates that the DQD is transferring energy to
the cavity mode during the downhill inelastic interdot
tunneling process.

Qualitatively, the DQD can be modeled as a charge qubit
with Hamiltonian H = (¢/2)o, + t.0,, where o, and o, are
the Pauli matrices. This Hamiltonian results in a detuning
dependent energy splitting Q(e) = \/€* + 4¢2. From con-
servation of energy, we anticipate strong emission into the
cavity when hf, = Q ~ 33 ueV. With ¢, = 16.4 ueV, this
correspondstoe ~ 1 ueV.Neare = 0 peV elastic tunneling
processes dominate [23], while at far detuning the effective
charge-cavity interaction rate ¢ = go(2¢./Q) vanishes
[15,29-31]. We therefore expect photon gain effects to be
the strongest for 0 < e < 30 peV. However, we observe a
peak in transmission at € ~ 80 peV. Similarly, photon
absorption should be the strongest for —30 <e <0 peV.
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Surprisingly, microwave amplification and absorption both
extend over an ~200 ueV range of detuning.

We model the zero-bias transmission data using the
Jaynes-Cummings Hamiltonian with an effective charge-
cavity interaction rate g = go(27./Q) [15,29-31]. The
model assumes a phonon relaxation rate y/2z ~ 70 MHz
[32] and coupling to a single dominant resonator mode
of frequency f.= 7862 MHz with a total decay rate
k/2x=f./]0 = (Kin + Kou +&;)/27 ~2 MHz. We assume
the cavity is symmetric with k;, = K, and neglect internal
loss (x; = 0). Low frequency charge noise is accounted for
by smoothing the fit function using a Gaussian with
standard deviation o, =25 ueV [15]. As shown in
Fig. 2(d), the model is in excellent agreement with the
zero-bias data, yielding best fit values of 7. = 16.4 ueV
and gy/2z = 16 MHz.

To model the sequential tunneling dynamics in the lower
FBT, we consider a transport process proposed by Jin et al.
that “repumps” the DQD into the excited state (M, N + 1)
(see Refs. [29, 30, 33] and the Supplemental Material [25]).
A complete transport cycle is shown in the level diagram in
Fig. 2(c). The DQD is pumped via a two-step incoherent
tunneling process (M +1,N) - (M,N) - (M,N + 1)
with rates I'; and 'k, respectively. At far detuning, these
two processes are equivalent to pumping from (M + 1, N)
to (M, N+ 1) with an effective pump rate [y =
I'xI'/(Tg +T7) if the dwell time in (M, N) is short
enough to be neglected. In the absence of other decay
mechanisms, such as phonons, the electron tunnels from
(M, N+1)to (M+ 1, N) by emitting a photon into the
cavity mode to complete the transport cycle.

In terms of electron transport, our system is similar to the
voltage biased Cooper pair box, where the voltage bias
generates population inversion, producing a lasing state
within the cavity [11]. Population inversion is achieved
through a cycle that changes the relative number of Cooper
pairs on the island by 1. Enhanced photon emission observed
in cavity-coupled Josephson junctions has also been asso-
ciated with Cooper pair tunneling events [12] and recently
investigated theoretically [34,35]. While there are similar-
ities between the superconducting and semiconductor sys-
tems, the electron-phonon interaction is known to strongly
influence charge and spin dynamics in semiconductor
DQDs leading to complex behavior [21-23,36,37].

Predictions from the three-level model for Vgp =
2.5 mV are shown in the lower panel of Fig. 2(d) (see
the Supplemental Material [25]). Values of «, y, .., and g,
are constrained by the Vgp = 0 data set. As before, the
amplitude response function is smoothed using a Gaussian
with width o, =25 pueV to account for charge noise.
Taking I'; = T'; as the only free parameters, the best fit
has T';/2x =T;/2x =4 GHz, in agreement with the
values determined from the dc transport data (see the
Supplemental Material [25]). The experimental data have
a gain that is 4 times larger than theory and the range of
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FIG. 3 (color online). (a) |[(A)|* as a function of V; and V with
the device configured to have larger tunnel rates to the leads. Hot
spots with a gain above 15 are observed. (b) [{A)|> measured as a
function of f;, near a hot spot (squares) and deep in Coulomb
blockade (circles). Solid lines are fits to a Lorentzian. Inset: the
same data are plotted with normalized peak amplitudes. At the
hot spot, the cavity linewidth is reduced by a factor of ~3.

detuning over which gain is observed is 3—4 times broader
in the experiments as well. Increasing the charge noise
broadens the gain feature, but also reduces the level of gain,
and is unable to account for the discrepancy.

The strong amplification and the broad linewidth in e
suggest that when the energy splitting of the DQD is 3—4
times the cavity energy, the system is still emitting photons
effectively. Two potential contributions for this broadening
include phonon-assisted and photon-assisted tunneling
processes. Given previous work by Fujisawa et al. and
Petta et al., it is known that phonon emission leads to charge
relaxation rates on the order of 100 MHz [23,32]. The charge
relaxation rate is ~6 times faster than g,/2z = 16 MHz and
competes with the charge-cavity coupling rate. One natural
interpretation is that the DQD relaxes through emission of a
phonon and a photon [36,37]. A wider range of € is then
permitted for the resonant emission of photons. It is unlikely
that the broad linewidth is due to shot noise, since we
observe photon emission in specific “hot spots” in the charge
stability diagram [see Fig. 3(a)], but measure a large current
over a much broader detuning range [38].

To achieve higher photon emission rates we increased
the tunnel coupling to the leads, resulting in an increase of
the current through the DQD to ~8 nA. Figure 3(a) shows
|(A)|*> as a function of V; and Vj in this more strongly
tunnel coupled regime. At positive detuning, we observe a
cavity gain of up to 15 at the cavity center frequency near
hot spots in the charge stability diagram. We further
investigate the gain mechanism by measuring |[(A)|? as a
function of the drive frequency f;,, as shown in Fig. 3(b).
The blue curve (circular data points) has a peak trans-
mission [(ASB)|? = 1 with the dot biased deep in Coulomb
blockade, yielding Qg = 3600. In contrast, the green
curve (square data points) is acquired near the upper
right hot spot in Fig. 3(a). Here, the peak transmission
|(AHS)|> ~9 and the transmission peak is narrower,
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yielding Qyg = 10800. The narrower linewidth can be
understood by the fact that Q is the ratio of the average
energy in the cavity to the cavity decay rate. Photon
emission from the DQD increases the energy stored in
the cavity and therefore the quality factor. Low-loss cavity
theory predicts a gain-bandwidth product that is fixed by
the cavity decay rate according to the expression
(A (2xfo/Q) =k or  [{ABS)]/[{ASE)| = Qus/Qcs
[39]. For these device settings we measure
Ous/Qcs = 3 = [(AIS)|/|(A§B)|, in excellent agreement
with theory.

Given the large gains observed in experiment, we
searched for direct evidence of photon emission from the
DQD in the absence of a cavity drive tone. The measurement
setup is shown in Fig. 4(a). The output port of the cavity is
connected to a high electron mobility transistor (HEMT)
amplifier and the resulting signal is detected using a micro-
wave spectrum analyzer. The photon emission rate is plotted
as a function V; and Vj in Fig. 4(b). At the hot spot, we
measure a photon emission rate AI', ~ 10 MHz above the
background noise floor of the cryogenic HEMT amplifier
(noise temperature 7 = 4 K). For a total cavity decay rate
k/2m ~ 2 MHz, the estimated photon number inside of the
cavity is N, = 2AI',/x ~2 assuming the cavity is sym-
metric. We take this estimate of the photon number as a
lower bound since it does not account for the internal loss of
the cavity and the line losses between the device and HEMT.
We also note that N, is much higher than the thermal
occupation number 1/[exp(hf./kgT) —1] < 1.

Our data strongly suggest that inelastic tunneling in
the cavity-coupled DQD results in photon emission. The
photon emission efficiency f can be estimated from the
ratio of the photon emission rate to the electronic transport
rate. The electron current 7 at the hot spot is ~8 nA and thus
p=2AT,/(I/e) ~0.4 x 1073, This result should be con-
trasted with the Cooper pair box system, where photon
emission is dominant and the efficiency is much closer to
unity > 0.4 [11]. The low efficiency of our cavity-
coupled DQD suggests that other decay channels are
stronger than photon emission into the cavity.

Previous theoretical work suggests that it may be
possible to make a DQD laser with our device structure
[29,30]. We use a standard laser rate-equation model to
determine if the cavity-coupled DQD is below the stimu-
lated emission threshold [39]. The total photon emission
rate from the DQD is Iy = I'pon + i, Where Iy, is the
spontaneous emission rate (from the excited state to the
ground state) and Iy, = [gpon N, is the stimulated emission
rate. The normalized inversion ratio is defined by
r = I'gpon/k. When r < 1 the system is below the stimulated
emission threshold and |(A)| = x/(k = Tgpon) = 1/(1 = 7)
[39]. Near the hot spot shown in Fig. 3 |(A,)|? ranges from 9
to 15. From theory, this yields a normalized inversion ratio
r~2/3-3/4 and I'y,,, /27 ~ 1-2 MHz. We estimate N, =
2 from the data shown in Fig. 4(b), which is in good
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FIG. 4 (color online). Photon emission from the voltage biased
DQD in the absence of a cavity drive. (a) Simplified schematic of
the experimental setup. Photons are emitted from the input and
output ports of the cavity. Photons from the output port are
amplified with gain G (adding noise /) and then detected by a
spectrum analyzer. (b) Photon emission rate plotted as a function
of V; and V for the same device configuration as in Fig. 3. The
photon emission rate exceeds the background noise floor of the
HEMT amplifier by ~10 MHz at the hot spots.

agreement with the theoretical prediction N, = r/(1 —r) =
2-3 [39]. Lastly, we can use Fermi’s golden rule to estimate
[gpon- Given the charge-cavity interaction rate go/27 ~
25 MHz and a DQD decay rate y/2z =~ 0.1-1 GHz [40],
the predicted spontaneous emission rate (from the excited
state to the ground state) is I'gpn /27 = 4¢? /27y ~ 2 MHz,
consistent with the estimate above. These simple estimates
all suggest that the cavity-coupled DQD is below the
stimulated emission threshold (» < 1).

In summary, we have investigated interactions between
the dipole moment of a single excess electron in a DQD and
the electromagnetic field of a microwave cavity. We
observe a gain as large as 15 in the cavity transmission
and also directly observe photon emission with a rate of
10 MHz above the noise floor of the HEMT amplifier. The
gain observed in the cavity transmission is correlated with
the interdot tunneling process, suggesting that inelastic
current flow can proceed via emission of a photon or a
phonon. Future experiments will explore the emission
spectrum [11] and quantum statistics of the output photon
field [3,10,30,41]. Through further improvements in the
photon emission efficiency, it may be possible to realize
microwave amplifiers or on-demand single photon sources
through single electron pumping in the DQD.

Research at Princeton was supported by the Sloan and
Packard Foundations, Army Research Office Grant
No. WO91INF-08-1-0189, DARPA QuEST Grant
No. HRO0011-09-1-0007, and the NSF through DMR-
0819860 and DMR-0846341. The research was partially
sponsored by the United States Department of Defense.
The views and conclusions contained in this document are
those of the authors and should not be interpreted as
representing the official policies, either expressly or
implied, of the U.S. Government.

036801-4



PRL 113, 036801 (2014)

PHYSICAL REVIEW LETTERS

week ending
18 JULY 2014

“Present address: Center for Quantum Devices, Niels Bohr
Institute, University of Copenhagen, Blegdamsvej 17, DK-
2100 Copenhagen @, Denmark.

[1] D.F. Walls and G.J. Milburn, Quantum Optics (Springer,
Berlin, 2008).

[2] D. Meschede, H. Walther, and G. Miiller, Phys. Rev. Lett.
54, 551 (1985).

[3] J. McKeever, A. Boca, A.D. Boozer, J.R. Buck, and H. J.
Kimble, Nature (London) 425, 268 (2003).

[4] S. Ates, S. M. Ulrich, S. Reitzenstein, A. Loffler, A. Forchel,
and P. Michler, Phys. Rev. Lett. 103, 167402 (2009).

[5] A. Blais, R.-S. Huang, A. Wallraff, S. M. Girvin, and R.J.
Schoelkopf, Phys. Rev. A 69, 062320 (2004).

[6] A.Wallraff, D. I. Schuster, A. Blais, L. Frunzio, R.-S. Huang,
J. Majer, S. Kumar, S. M. Girvin, and R.J. Schoelkopf,
Nature (London) 431, 162 (2004).

[7] L. DiCarlo et al., Nature (London) 460, 240 (2009).

[8] A. A. Houck et al., Nature (London) 449, 328 (2007).

[9] M. Hofheinz et al., Nature (London) 459, 546 (2009).

[10] D. Bozyigit et al., Nat. Phys. 7, 154 (2011).

[11] O. Astafiev, K. Inomata, A.O. Niskanen, T. Yamamoto,
Y. A. Pashkin, Y. Nakamura, and J. S. Tsai, Nature (London)
449, 588 (2007).

[12] M. Hofheinz, F. Portier, Q. Baudouin, P. Joyez, D. Vion,
P. Bertet, P. Roche, and D. Esteve, Phys. Rev. Lett. 106,
217005 (2011).

[13] T. Frey, P.J. Leek, M. Beck, A. Blais, T. Ihn, K. Ensslin, and
A. Wallraff, Phys. Rev. Lett. 108, 046807 (2012).

[14] H. Toida, T. Nakajima, and S. Komiyama, Phys. Rev. Lett.
110, 066802 (2013).

[15] K. D. Petersson, L. W. McFaul, M. D. Schroer, M. Jung,
J. M. Taylor, A. A. Houck, and J. R. Petta, Nature (London)
490, 380 (2012).

[16] J.J. Viennot, M. R. Delbecq, M. C. Dartiailh, A. Cottet, and
T. Kontos, Phys. Rev. B 89, 165404 (2014).

[17] G.-W. Deng et al., arXiv:1310.6118.

[18] M. Delbecq, L. Bruhat, J. Viennot, S. Datta, A. Cottet, and
T. Kontos, Nat. Commun. 4, 1400 (2013).

[19] L. P. Kouwenhoven, S. Jauhar, J. Orenstein, P. L. McEuen,
Y. Nagamune, J. Motohisa, and H. Sakaki, Phys. Rev. Lett.
73, 3443 (1994).

[20] R.H. Blick, R.J. Haug, D. W. van der Weide, K. von
Klitzing, and K. Eberl, Appl. Phys. Lett. 67, 3924 (1995).

[21] W. G. van der Wiel, S. De Franceschi, J. M. Elzerman, T.
Fujisawa, S. Tarucha, and L. P. Kouwenhoven, Rev. Mod.
Phys. 75, 1 (2002).

[22] T. Brandes and B. Kramer, Phys. Rev. Lett. 83, 3021
(1999).

[23] T. Fujisawa, T. H. Oosterkamp, W. G. van der Wiel, B. W.
Broer, R. Aguado, S. Tarucha, and L.P. Kouwenhoven,
Science 282, 932 (1998).

[24] S. Gustavsson, M. Studer, R. Leturcq, T. Ihn, K. Ensslin,
D.C. Driscoll, and A.C. Gossard, Phys. Rev. Lett. 99,
206804 (2007).

[25] See the Supplemental Material at http:/link.aps.org/
supplemental/10.1103/PhysRevLett.113.036801 for a de-
scription of the experimental setup, details of the theoretical
model, fits to the cavity transmission, fits to the dc transport
data, and an in depth discussion of mechanisms that are not
included in our model.

[26] J. Q. You and F. Nori, Nature (London) 474, 589 (2011).

[27] C. Fasth, A. Fuhrer, L. Samuelson, V.N. Golovach, and
D. Loss, Phys. Rev. Lett. 98, 266801 (2007).

[28] S. Nadj-Perge, S. M. Frolov, E. P. A. M. Bakkers, and L. P.
Kouwenhoven, Nature (London) 468, 1084 (2010).

[29] L. Childress, A. S. Sgrensen, and M. D. Lukin, Phys. Rev. A
69, 042302 (2004).

[30] P.-Q. Jin, M. Marthaler, J. H. Cole, A. Shnirman, and
G. Schon, Phys. Rev. B 84, 035322 (2011).

[31] M. D. Schroer, M. Jung, K. D. Petersson, and J. R. Petta,
Phys. Rev. Lett. 109, 166804 (2012).

[32] J.R. Petta, A. C. Johnson, C. M. Marcus, M. P. Hanson, and
A. C. Gossard, Phys. Rev. Lett. 93, 186802 (2004).

[33] C. Xu and M. G. Vavilov, Phys. Rev. B 88, 195307 (2013).

[34] A.D. Armour, M.P. Blencowe, E. Brahimi, and A.J.
Rimberg, Phys. Rev. Lett. 111, 247001 (2013).

[35] V. Gramich, B. Kubala, S. Rohrer, and J. Ankerhold, Phys.
Rev. Lett. 111, 247002 (2013).

[36] S.D. Barrett and T. M. Stace, Phys. Rev. Lett. 96, 017405
(20006).

[37] J. 1. Colless, X. G. Croot, T. M. Stace, A. C. Doherty, S. D.
Barrett, H. Lu, A.C. Gossard, and D.J. Reilly,
arXiv:1305.5982.

[38] E. Zakka-Bajjani, J. Ségala, F. Portier, P. Roche, D.C.
Glattli, A. Cavanna, and Y. Jin, Phys. Rev. Lett. 99, 236803
(2007).

[39] A.E. Siegman, Lasers (University Science Books, Mill
Valley, California, 1986).

[40] T. Hayashi, T. Fujisawa, H. D. Cheong, Y. H. Jeong, and
Y. Hirayama, Phys. Rev. Lett. 91, 226804 (2003).

[41] C. Eichler, D. Bozyigit, C. Lang, L. Steffen, J. Fink, and
A. Wallraff, Phys. Rev. Lett. 106, 220503 (2011).

036801-5


http://dx.doi.org/10.1103/PhysRevLett.54.551
http://dx.doi.org/10.1103/PhysRevLett.54.551
http://dx.doi.org/10.1038/nature01974
http://dx.doi.org/10.1103/PhysRevLett.103.167402
http://dx.doi.org/10.1103/PhysRevA.69.062320
http://dx.doi.org/10.1038/nature02851
http://dx.doi.org/10.1038/nature08121
http://dx.doi.org/10.1038/nature06126
http://dx.doi.org/10.1038/nature08005
http://dx.doi.org/10.1038/nphys1845
http://dx.doi.org/10.1038/nature06141
http://dx.doi.org/10.1038/nature06141
http://dx.doi.org/10.1103/PhysRevLett.106.217005
http://dx.doi.org/10.1103/PhysRevLett.106.217005
http://dx.doi.org/10.1103/PhysRevLett.108.046807
http://dx.doi.org/10.1103/PhysRevLett.110.066802
http://dx.doi.org/10.1103/PhysRevLett.110.066802
http://dx.doi.org/10.1038/nature11559
http://dx.doi.org/10.1038/nature11559
http://dx.doi.org/10.1103/PhysRevB.89.165404
http://arXiv.org/abs/1310.6118
http://dx.doi.org/10.1038/ncomms2407
http://dx.doi.org/10.1103/PhysRevLett.73.3443
http://dx.doi.org/10.1103/PhysRevLett.73.3443
http://dx.doi.org/10.1063/1.114406
http://dx.doi.org/10.1103/RevModPhys.75.1
http://dx.doi.org/10.1103/RevModPhys.75.1
http://dx.doi.org/10.1103/PhysRevLett.83.3021
http://dx.doi.org/10.1103/PhysRevLett.83.3021
http://dx.doi.org/10.1126/science.282.5390.932
http://dx.doi.org/10.1103/PhysRevLett.99.206804
http://dx.doi.org/10.1103/PhysRevLett.99.206804
http://link.aps.org/supplemental/10.1103/PhysRevLett.113.036801
http://link.aps.org/supplemental/10.1103/PhysRevLett.113.036801
http://link.aps.org/supplemental/10.1103/PhysRevLett.113.036801
http://link.aps.org/supplemental/10.1103/PhysRevLett.113.036801
http://link.aps.org/supplemental/10.1103/PhysRevLett.113.036801
http://link.aps.org/supplemental/10.1103/PhysRevLett.113.036801
http://link.aps.org/supplemental/10.1103/PhysRevLett.113.036801
http://dx.doi.org/10.1038/nature10122
http://dx.doi.org/10.1103/PhysRevLett.98.266801
http://dx.doi.org/10.1038/nature09682
http://dx.doi.org/10.1103/PhysRevA.69.042302
http://dx.doi.org/10.1103/PhysRevA.69.042302
http://dx.doi.org/10.1103/PhysRevB.84.035322
http://dx.doi.org/10.1103/PhysRevLett.109.166804
http://dx.doi.org/10.1103/PhysRevLett.93.186802
http://dx.doi.org/10.1103/PhysRevB.88.195307
http://dx.doi.org/10.1103/PhysRevLett.111.247001
http://dx.doi.org/10.1103/PhysRevLett.111.247002
http://dx.doi.org/10.1103/PhysRevLett.111.247002
http://dx.doi.org/10.1103/PhysRevLett.96.017405
http://dx.doi.org/10.1103/PhysRevLett.96.017405
http://arXiv.org/abs/1305.5982
http://dx.doi.org/10.1103/PhysRevLett.99.236803
http://dx.doi.org/10.1103/PhysRevLett.99.236803
http://dx.doi.org/10.1103/PhysRevLett.91.226804
http://dx.doi.org/10.1103/PhysRevLett.106.220503

