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Abstract.  The radiative biexciton—exciton decay in a semiconductor quantum
dot (QD) has the potential of being a source of triggered polarization-entangled
photon pairs. However, in most cases the anisotropy-induced exciton fine
structure splitting destroys this entanglement. Here, we present measurements on
improved QD structures, providing both significantly reduced inhomogeneous
emission linewidths and near-zero fine structure splittings. A high-resolution
detection technique is introduced which allows us to accurately determine the
fine structure in the photoluminescence emission and therefore select appropriate
QDs for quantum state tomography. We were able to verify the conditions of
entangled or classically correlated photon pairs in full consistence with observed
fine structure properties. Furthermore, we demonstrate reliable polarization-
entanglement for elevated temperatures up to 30 K. The fidelity of the maximally
entangled state decreases only a little from 72% at 4K to 68% at 30K. This is
especially encouraging for future implementations in practical devices.
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1. Introduction

Triggered entangled photon pair sources are considered to be one of the most important
resources in view of quantum information technology applicatidpsWhile most existing
sources for entangled photons rely on nonlinear optical effét45], triggered entangled
photons provide the benefit of being event-ready for application. Such a source has been
proposed ] and recently demonstrated, [8].

After triggered optical excitation of two electron—hole pairs (biexcitenX X)) in a
guantum dot (QD), the system provides a natural cascaded two-photon process. In a first step,
the biexciton decays into one of the two possible optically active single-exciton states (one
electron and one hole | X)) by emitting anX X photon, followed by an excitonic decay to the
empty dot state by emitting a secoKdphoton with typically somewhat different enerd}.[As
is schematically shown in figutia), the polarizations of the two photons are determined by the
intermediaté X) exciton states which are typically split in energy due to electron—hole exchange
interaction and QD confining potential anisotrody]| If this fine structure splittingA Ers is
much larger than the radiative linewidt\E,,q4 (see left panel), the two possible decay paths are
distinguishable which results in the emission of classically polarization-correlated photon pairs
[11]-[13]. By spectrally selecting only the overlap of the two polarization components, photon
entanglement has been achievéd][ however on the account of significant signal losses. If the
splitting is smaller than the radiative linewidth (figukr@) right panel), the two decay paths are
indistinguishable, producing two vertically (horizontally) polarized entangled photons closely
related to the situation in single atonig]. Two important prerequisites have to be fulfilled for
a safe selection of adequate QDs whose fine-structure splithiigs are either by nature or by
an external tuning process smaller than the radiative linewidth (Adfgy ~ 0.7 ueV). Firstly,
the detection set-up should be clearly capable of spectrally resolving this regime. Secondly,
the actually observed inhomogeneously broadened emission linetyy due to spectral
diffusion should be as small as possible. Both aspects have been realized in the current work.
The spectral resolution of the micro-photoluminescencé’ll) set-up has been enhanced to
~0.3 eV (see sectioR), and we fabricated QDs with inhomogeneous linewidths smaller than
~10ueV for pump powers near the exciton saturation power. This is a substantial improvement
(factor of ~5) in comparison to previous reports on quantum dot-based entangled photon
sources 7, 14] and an important step towards a reliable selection process which is necessary
for technological applications.
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2. Experiment

The sample considered here is grown by molecular beam epitaxy on semi-insulating GaAs (001)
substrate. (In,Ga)As QDs with low surface density are obtained by growth of InAs at a substrate
temperature of 500C. As described inl6], the QD emission is tuned in the sensitivity range of
our Si detectors by overgrowing the QDs with 1.5 nm GaAs, followed by 4 min annealing (2 min
at substrate temperature ramping from 500 to%&plus 2 min at 560C) before continuing the
growth of the GaAs cap layer. In order to improve the collection efficiency, QDs are embedded
in the middle of a 260 nm GaAs layer (lambda-cavity) placed on top of 15 pairs of/&AAs
(78.4/65 nm thick) and below a single pair of GaAdAs. ©-PL measurements on individual
QD structures are performed in a variable temperature helium-flow crydstat4(to 320 K)
in combination with a confocal microscope assembly. One microscope objective- () is
used to focus the exciting laser on the sample surface (spot diamgterm) and to collect
the emerging luminescence. For non-resonant pulsed excitation of single (In/GaAs QDs
above the GaAs barrier, a mode-locked Ti: sapphire laser Mihse~ 1.4 ps wide pulses at
a repetition rate offj,ser= 76.2 MHz is used. Alternatively, a stabilized cw-Ti: sapphire ring
laser serves to continuously pump the sample in the case of sensitive high-resphRion
experiments (see description below). Spectral dispersion and detection @fRhesignal is
achieved by a computerized grating spectrometer equipped witiNgcooled CCD camera
for time-integration.

Especially for detailed investigations on the linewidth grdine structure of the emission
from individual QDs, a high-resolution set-up has been implemented. In previous work,
interferometric measuring techniques have been applied to resolve linewidth and polarization
splitting from single QDs by inserting a Michelson interferometer in the detection path of a
standardu-PL set-up 17, 18]. Here, we use a scanning Fabry-Perot interferometer instead,
providing the benefit of an even faster measurement of the fine structure splitting directly
in the frequency domain. Based on the above described confePal set-up, a periodically
scanning Fabry-Perot-type interferometer (FPI) in conjunction with a sensitive avalanche photo
diode (APD) for photon detection is connected to the auxiliary output port b=a500 mm
(1200¢ mm~1) spectrometeimonochromator unit. In this configuration, the monochromator
(resolution AE,.s= 50ueV) is used to spectrally pre-select individual PL emission lines of
interest which are subsequently fine-filtered by the FPI. Spectral fine scans over one or two free
spectral ranges (FSR 15 GHz or 62.03%.eV) by periodical variation of the mirror spacing
dep result in a repetitive series of resonances where the conditions of internal constructive
interference enablenth order transmission at the selected wavelength according-to=
2n depy. In this notation,n =1 (air) denotes the refractive index of the medium between the
FPI plates. For a controlled periodic tuning of the FPI resonance, a high-voltage ramp bias
(O to 1000V) is applied to the piezo-electric etalon spacer elements by a stabilized external
signal synthesizer. A necessary synchronization between the ramp generator bias sweeps and
the detection loops of a multi-channel scaler (MCS) is accomplished through a logic ‘start’
trigger, thus allowing repetitive accumulations of the APD count rate as a function of the FPI
tuning. Extensive tests of the high-resolution photoluminescence (HRPL) set-up have confirmed
a significantly improved spectral resolution limit afE[{RP- ~ 0.3 ueV, i.e. by a factor 0f~100
in comparison with the bare spectrometer assembly. A direct monitoringpasédlection of
certain QD emission fine structure components is possible by a combination of a rotatable
zero-order wave plate followed by a fixed linear polarizer in front of the monochromator.
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Investigations on two-photon correlations have been performed in terms of second-order
g@(r) cross-correlation measurements on a Hanbury Brown and Twiss (HBT)-type set-
up [19]. For these correlations, the collimatedPL signal from the sample is first divided
into two orthogonal detection arms by a non-polarising 50%-50% beam splitter. Each arm is
equipped with a tunable grating spectrometer (1200n-1) which acts as a monochromator
to individually filter either the biexcitonic or the excitonic emission. For detection of single
photons along the filtered channels, each monochromator is followed by a high-sensitivity APD
with ultra-low dark noise (25 to 80 ctsstyp.). The recording of photon coincidence events
is performed by a two-step process of time-amplitude conversion (TAC) and subsequent multi-
channel analysis (MCA). For this, the TTL-shaped APD output pulses from each individual
photon detection event serve as the ‘staktX] and ‘stop’ X) trigger channels of the TAC
which converts the delay = tsop— tsiare Within each photon pair into an equivalent bias pulse
being detected by the MCA. The temporal resolution of this HBT set-ug{§" = 600 ps.

For a detailed analysis of the two-photon cascades by polarization-resolved cross-
correlations in quantum state tomography (QST), rotatalj2 and A /4 retarder plates in
combination with 50%-50% polarising beam splitters have been introduced into the beam
paths in front of each spectrometer. By a total of 16 combinations of polarization detection
in accordance with the QST experiment and analysis sch2@e]], the two-photon density
matrix o can be reconstructed from the Poisson-normalized0 values of the corresponding
g%(’x(r) traces. From the resulting representation pofconclusions about the degree of
polarization entanglement can be derived in comparison with the expected scenarios of theory.
Moreover, a classification of the achieved (classical or mixed entangled) photon polarization
states in terms of fidelityr [22], concurrenceC [23], tangle T and negativityN [24] can be
derived.

3. Measurement results

The pre-selection of appropriate (In,Ga)As QDs has been performed as in previous/jyork [
i.e. QDs with emission energies around 1.40-1.42 eV have been chosen due to their minimal
fine structure splittingd, 25]. Figure 1(b) shows a characteristic, nearly background-freleL
spectrum of a single dot. The emission lines correspond to the radiative decay of exeftgnic
biexcitonic| X X) and charged excitoni*) carrier complexes. The observed emission lines are
non-polarized, and no splitting is detected within the spectral resolutidi, - ~ 50 ueV) of

the u-PL set-up.

In order to resolve the fine structure splittinders, polarization-dependent high-resolution
n-PL measurements with\ EHRPL = 0.3 ueV have been performed. Figutz shows the
excitonic recombination lines of two QDs (QD A and QD B) exhibiting similalPL spectra as
discussed in figurd(b). Under these high-resolution conditions, distinct differences become
observable under different polarization configurations. The actual inhomogeneous linewidth
of both dots is in the range ok Erpwum =~ 10ueV, and QD A reveals a clear fine-structure
splitting AErs = 14.0 4+ 0.3 eV under stepwise variation of the linear polarization detection
angle. As hereA Egs is larger than the radiative homogeneous linewiditE(,g ~ 0.7 ueV),
both orthogonally polarized decay paths (see fidifed, left panel) can be distinguished, thus
resulting in classically polarization-correlated photons. In contrast, QD B reveals an almost
vanishing fine structure akErs = 0 + 0.3 ueV. As will be discussed later, QST measurements
demonstrate a high degree of photon entanglement in the emission of this QD.
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Figure 1. (a) Schematic representation of the cascaded radiative biexciton—
exciton decay and the PL emission spectra: a fine structure splittig; >
AE g (left-hand side) much larger than the radiative emission line width
manifests in distinguishable and therefore classically linear polarization-
correlated photon pairs. In the regime ofErs < AE;yq (right-hand side),

the cascade paths become indistinguishable, thus creating path entanglement
of collinearly polarized photon pairs. (b) Low-temperatuiie=£ 4 K) wu-PL
spectra of a single (In,Ga)As/GaAs QD under non-resonant pulsed optical
excitation above the GaAs barrier: the observed distinegPL signatures
correspond to the channels of spontaneous radiative decay from ex¢Konie

|0), biexcitonic|X X) — |X), or charged excitoni¢X~) — |e7) (|X*) — |h*))
carrier configurations inside the QD, respectively. Inset: integratedlL
intensities of the excitonic and biexcitonic transitions as a function of
temperature.

For practical implementations, e.g. under electrical injection conditions, the dots will be
exposed to higher temperaturds£ 10 K) due to ohmic heating in a p-i-n diode-like structure.
Therefore, a detailed knowledge of the temperature behaviour is indispensable for future
applications. Systematic temperature-depengdelAt. measurements have been performed, and
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Figure 2. HRPL series of the excitonic recombination of two different QDs:
each individual HRPL trace (vertically shifted for enhanced clarity) represents a
spectralu-PL scan of the filteredX) — |0) decay channel over more than one

full period of the interferometer's FSR (FSR 62.035u€eV), showing as two
subsequent orders of transmission resonances. (a) Under variation of the linear
polarization detection angle of ‘QD A, a clear exciton emission fine structure
with an energetic splitting oAErs=14.0 + 0.3 eV is observable, whereas

‘QD B’ shows no splitting.

the inset graph of figuré(b) depicts the spectrally integrated intensities of the excitonic and
biexcitonic decay channels as a functio@ofWith increasing temperature, a distinct increase of

the PL signal is observed for both emission lines up to a maximum vallie-at8 K, followed

by strong decrease of the signal until almost no signal is observed dabev@0 K. The initial

increase of quantum efficiency is indicative for a temperature-induced activation of ‘frozen’
carriers from shallow trap centres in the surrounding GaAs barrier matri)oafaster carrier
relaxation processes in this temperature regime. On the other hand, the decrease of the quantum
efficiency beyond the former temperature range is caused by thermal emission of carriers
(= losses) into the wetting layer. The early onset of thermal emission processes is due to the
low carrier confinement energies of these type of QDs with nearly zero fine-structure splitting.

In order to gain detailed insight into the two-photon states, polarization-resg@gqu)
second-order photon cross-correlation measurement seBdshfive been performed. In
figure 3, examples for the corresponding correlation traces as revealed in the linear and circular
detection bases are depicted. As becomes evident from the linear basis results in3{gures
and (b), a high probability of collinearly polarizedX—X photon sequences following the
same excitation cycle is reflected by a strong photon ‘bunching’, i.e. super-Poissonian statistics
with an enhancement @y = 3.45+ 0.02 as compared to uncorrelated ligBb{isson= 1). In
contrast, the sequential emission of biexcitonic and excitonic photons under orthogonal linear
polarization is significantly suppressed to a (normalized) valu€pf= 0.41 + 0.02. From
thet = 0O correlation values in traces (a) and (b), a high collinear polarization correl&lioh [
nw-vH = (Cwwv — Cyn)/(Cyy +Cyy) = 0.79 £ 0.01 can be derived.

In addition to measurements in the linear polarization basis, figg(@sand (d) show
representative data from cross-correlations in co-circlitak Rx) and contra-circularRy x L x)
configuration. As a remarkable result, a strong contra-circular ‘bunching’ signal is found
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Figure 3. (a)—(d) Examples of polarization-dependg@_x(t) photon cross-
correlation measurements in QST (16 combinations in total, af€}).[
The traces were observed from the cascaded) — |X) — |0) spontaneous
radiative recombination between the biexcitonic and excitonic states of ‘QD
B’ (see figurel) under pulsed excitation. The applied polarization detection
settings for biexciton (indeX X) and exciton decay (indeX) are sequentially
labelled as verticaV (horizontalH) in the linear and right-hande®R (left-
handedL) in the circular basis, respectively. Numbers represent the Poisson-
normalized integral€ of the central zero-delay correlation peaks with respect
to uncorrelated photon coincidences at multiples of the laser repetition period
Alaser=fipe,= 13.12 ns.

(CrL = 3.034+0.02), whereas no such tendency appears under co-polarized detection. From

these configurations, again a high degree of polarization correlafigng. = (Crr—

CrL)/(Crr+Cgr.) = —054 +£0.01 is evaluated, which is expected for entangled photon

emission.

In order to derive the full information on the observed two-photon states, Q% 2]] has

been performed to derive the corresponding two-photon density magriodsoth cases. From

an application of the QST scheme, the correspondingly calculated density matrices of photon

emission from QD A as well as QD B are composed in figdi@$ and (b), respectively, where

p is represented by its real and imaginary partg,0Reand Im(p) .

Beginning with the results obtainedBt= 4 K from QD A, significant contributions appear

only for the outer on-diagonal matrix elements of the real part which is in conformity with

the expected behaviour of classical photon polarization—correlation. The additional observation

of minor matrix contributions from orthogonal linear polarization (represented by the inner-

diagonal elements< 0.1 of Rgp)) could be attributed to (i) the detection of uncorrelated
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Figure 4. QST of the two-photon density matrix: Reconstructed two-photon
state density matrices (with R®, Im(p) as the real and imaginary parts) of
the cascaded biexciton—exciton decay from a QD (QD A with resolvable fine
structure splittingAErs = 14.0 £+ 0.3 eV, see figure2(a)) and a second dot
with degenerate exciton states (QD B witlers = 0 + 0.3 neV). For QD A, the

lifted exciton state degeneracy reflects in polarization-correlXt¥eX photon
sequences, which prohibit quantum entanglement due to distinguishability of
photon pairs by energy and polarization. In contrastto QD A, the matrix of QD B
reveals distinct off-diagonal elements and therefore strong indications of photon-
path entanglement, as is also quantified by the parameters negatiyt\0,
concurrenc€ > 0, T = C? > 0 and fidelityF > 0.5.

background photon events along ti& and X channels, and (ii) spin-flip processes between
the intermediate excitonic fine structure levels, resulting in the known effect of recombination
path intermixing L1]-[13].

In clear contrast to the former scenario, the real part of the density matrix obtained for
QD B (T =4K) contains also strong outer off-diagonal elements with a magnitude0d.

This is a clear signature of the coherence betwdégnVy and HyxHx. Minor phase shifts
between the above collinear polarization states are represented by thesta)l ¢ff-diagonal
elements in Inp). Different tests for entanglement according to literature are all positive for
this QD (see table in figuré). The obtained photon pair polarization statemitted by QD B
projects on to the entangled Bell state") = (|HxxHx) +|VxxVx))/+/2 with a large fidelity

of F =0.72+ 0.0L(T = 4K).

With special consideration of photon entanglement, QST on QD B has been performed
for further temperatures up t® = 30K. Up to this temperature regime, intense enough PL
emission signatures from biexcitonic and excitonic recombination could be observed (see inset
of figure 1(b)). The reconstructed two-photon density matrix component®)Rand In(p)

New Journal of Physics 9 (2007) 315 (http://www.njp.org/)
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derived at 30 K are shown in the right panel of figdr&urprisingly, an almost identical matrix
representation with similar magnitude of elements is found, which confirms a high degree of
photon entanglement (see table in figdjeThe minor increase of the inner diagonal element
from 0.09 at 4K to 0.11 at 30 K indicates a slight spin decoherence of the intermediate exciton
state. The projection of the measured state on to the Bell gtdatereveals a high fidelity

of F =0.68+0.02.

Therefore, our results indicate the potential of semiconductor QDs for triggered entangled
photon generation at elevated temperatures. Combined with recent advances in external tuning
possibilities of the excitonic fine-structure, e.g. by electric-fiel] 7], strain [28], post-growth
thermal treatment?9, 30] or magnetic field 7], QDs with higher confinement energies could
be used which would consequently allow higher operation temperatures than the currently used
QDs which exhibit low carrier confinement. Such improvements could lead to the realization of
electrically-pumped triggered entangled photon sources.

4. Summary

In this paper, we presented a detailed investigation of non-classical light emission from single
semiconductor QDs with special emphasis on photon pair entanglement. A high-resolution
detection technique was introduced, allowing us to accurately and swiftly measure the fine
structure of QDs with a resolution afE,.s= 0.3 ueV. Polarization-dependent second-order
cross-correlation measurements were performed, indicating classical polarization correlations
between the two photons from the QD’s biexciton—exciton decay. Choosing QDs of different
fine structure splittings, we were also able to unambiguously distinguish the conditions of either
classical correlation or entanglement by measuring the density matrix of the corresponding two-
photon polarization states. We have found high polarization entanglement in the case of small
fine structure and no entanglement for dots with large fine structure splittihg=a4 K. From

QST measurements performed at elevated temperatures up to 30K, triggered entangled photon
pairs could be verified. Over the full temperature range investigated, the projection fidelity of
the two-photon polarization state on the maximally entangled bell state decreases only slightly
from 72% at 4 K to 68% at 30 K. Our results suggest that operation above 30 K could be possible
which would be important for electrical injection of carriers due to unavoidable ohmic heating
in the structure. Therefore, a compact electrically-pumped semiconductor source of triggered
polarization-entangled photon pairs seems to be feasible in the future.

Acknowledgments

We thank Harald Weinfurter for valuable discussions and gratefully acknowledge financial
support from the DFG research groups ‘Quantum optics in semiconductor nanostructures’ and
‘Positioning of single nanostructures—single quantum devices’.

References

[1] Bouwmeester D, Ekert A K and Zeilinger A 200bie Physics of Quantum Informati@Berlin: Springer)
[2] ShihY H and Alley C O 198%hys. Rev. Let612921-4

[3] Kiess T E, Shih Y H, Sergienko AV and Alley C O 19931ys. Rev. Let71 38937

[4] Kwiat P G, Mattle K, Weinfurter H and Zeilinger A 199%hys. Rev. Let754337-41

New Journal of Physics 9 (2007) 315 (http://www.njp.org/)


http://dx.doi.org/10.1103/PhysRevLett.61.2921
http://dx.doi.org/10.1103/PhysRevLett.71.3893
http://dx.doi.org/10.1103/PhysRevLett.75.4337
http://www.njp.org/

10 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

[5] EdamatsK, Oohata G, Shimizu R and Itoh T 200¢ature431167—-70
[6] BensonO, Santori C, Pelton M and Yamamoto Y 20Bflys. Rev. LetB42513-6
[7] Stevenson R M, Young R J, Atkinson P, Cooper K, Ritchie D A and Shields A J 26016re439179-82
[8] Young R J, Stevenson R M, Atkinson P, Cooper K, Ritchie D A and Shields A JI96@G6]. Phys8 29
[9] MoreauE et al2001Phys. Rev. LetB7 1836014
[10] GammonrD, Snow E S, Shanabrook B V, Katzer D S and Park D 1BBg@s. Rev. Let76 3005-8
[11] Santori C, Fattal D, Pelton M, Solomon G S and Yamamoto Y Z0¢s. RevB 66 045308
[12] Stevenson R M, Thomson R M, Shields A J, Farrer |, Kardynal B E, Ritchie D A and Pepper MP29@2
Rev.B 66 081302
[13] Ulrich S M, Strauf S, Michler P, Bacher G and Forchel A 2@4ipl. Phys. Lett83 1848-50
[14] Akopian N, Lindner N H, Poem E, Berlatzky Y, Avron J and Gershoni D 2BBgs. Rev. LetB6 130501
[15] AspectA, Grangier P and Roger G 19&hys. Rev. Letd991-4
[16] Wang L, Rastelli A and Schmidt O G 2006 Appl. Phys100064313
[17] KammereIC, Cassabois G, Voisin C, Perrin M, Delalande C, Roussignol P and Gérard J M\ppDZPhys.
Lett.812737-9
[18] Zwiller V, Aichele T and Benson O 20(hys. RevB 69 165307
[19] Hanlury Brown R and Twiss R Q 1958ature17727-9
[20] JamedD FV, Kwiat P G, Munro W J and White A G 20(Rhys. RevA 64052312
[21] Altepeterd B, Jeffrey E R and Kwiat P G 2005 Photonic state tomograjdhwances in Atomic, Molecular,
and Optical Physiced L Berman (Amsterdam: Elsevier)
[22] Jozsa R 1994. Mod. Opt412315-23
[23] Hill S and Wootters W K 199FPhys. Rev. Let78 5022-5
[24] Vidal G and Werner G F 200Rhys. RevA 65032314
[25] Young R J, Stevenson R M, Shields A J, Atkinson P, Cooper K, Ritchie D A, Groom K M, Tartakovskii A |
and Skolnick M S 200Phys. RewvB 72 113305
[26] Kowalik K, Krebs O, Lemaitre A, Laurent S, Senellart P, Voisin P and Gaj J A Z(i)8. Phys. Lett86
041907
[27] GerardoB D et al 2007Appl. Phys. Lett90041101
[28] SeidlS, Kroner M, Hogele A, Karrai K, Warburton R J, Badolato A and Petroff P M 28pp1. Phys. Lett.
88203113
[29] Seguin Ret al2006Appl. Phys. Lett89263109
[30] Ellis D J P, Stevenson R M, Young R J, Shields A J, Atkinson P and Ritchie D A 20@T. Phys. Lett.
90011907

New Journal of Physics 9 (2007) 315 (http://www.njp.org/)


http://dx.doi.org/10.1038/nature02838
http://dx.doi.org/10.1103/PhysRevLett.84.2513
http://dx.doi.org/10.1038/nature04446
http://dx.doi.org/10.1103/PhysRevLett.87.183601
http://dx.doi.org/10.1103/PhysRevLett.76.3005
http://dx.doi.org/10.1103/PhysRevB.66.045308
http://dx.doi.org/10.1103/PhysRevB.66.081302
http://dx.doi.org/10.1063/1.1605809
http://dx.doi.org/10.1103/PhysRevLett.96.130501
http://dx.doi.org/10.1103/PhysRevLett.49.91
http://dx.doi.org/10.1063/1.2349432
http://dx.doi.org/10.1063/1.1510158
http://dx.doi.org/10.1103/PhysRevB.69.165307
http://dx.doi.org/10.1038/177027a0
http://dx.doi.org/10.1103/PhysRevA.64.052312
http://dx.doi.org/10.1080/09500349414552171
http://dx.doi.org/10.1103/PhysRevLett.78.5022
http://dx.doi.org/10.1103/PhysRevA.65.032314
http://dx.doi.org/10.1103/PhysRevB.72.113305
http://dx.doi.org/10.1063/1.1855409
http://dx.doi.org/10.1063/1.1855409
http://dx.doi.org/10.1063/1.2431758
http://dx.doi.org/10.1063/1.2204843
http://dx.doi.org/10.1063/1.2424446
http://dx.doi.org/10.1063/1.2430489
http://www.njp.org/
http://dx.doi.org/10.1088/1367-2630/8/2/029

	1. Introduction
	2. Experiment
	3. Measurement results
	4. Summary
	Acknowledgments
	References

