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LETTERS

A semiconductor source of triggered entangled

photon pairs

R. M. Stevenson', R, I Young'™, P, Atkinsan®, K. Cooper”, D A. Ritchic” & A, I, Shiclds’

Ell.zqﬂ:d plml.mp-nman:nqxn':an! resouTce in quantiam
aptics', and are I for i i

applications
such as quantum key distribution™ and controlled quantum bogic
aperations”. The mdiative decay of hisscitons—that is, sates

conssting of two bound electron—holbe pairs—in a quantum dot
hbmptupmednaml{h’wndpdanﬂmrﬂhqﬂ:d
photon pairs”. Ti date, | 3 have indicated that a

splitting of the intermediate exciton energy yields only classically
correlated emision™. Here we demonstrate triggered photon
[pir emission from single quantum dots suggedive of polarization
mdm“hﬂuwllubylmmll:qﬂ:llnqtnm
thruugh either applicati an in-plane b el or careluld
mntml of hallhlﬁum'l.' ed phaton pairs generated

*IMME significant hwnhnmh ndvnnl.np:.-s lfer other
schemes™", which can saffer from maltiple pair emissian, or
Tequire I!\st-ule:lm techniques or the ase n;- ton-number
discriminuting detecters. Farthermore, conirol over the pair
generation time is essentinl for scaling many quantum infor-
mation schemes heyond a few gates. Our resulis suggest that a
fnwml{mrtmgﬂﬂ{#-ﬂunpwmum:mﬂdhemq‘:mhdhz
simple semiconduactos light-emitting

The maost widely used methods for Bunn'ﬂmg entangled photon
pairs are nonlinear optical processes, such as pammetric down
comversion ™, which produce a probahilistic number of pairs per
excitation cycle. Fxisting demonstrations of entangled photons in

g uctar systerns also do not produce indi\'if]lu]l entangled
phwion pairs on demand. For the nonlinear imealved in bulk
Cuﬂ.'thrmlmhrof'[nirﬂﬂnimﬂ folloras poissomian statistics', For
entanghed photon pairs created by the prbahilistic interference of
indastinguishable phatoms from a single quantum dot', post selec
tion is required t0 reject the majonty of photons which ane not
entanghed”, and rwr‘\?nrI:|w'id'ﬂ|in~ir.mrnnfy‘im$rrft|wﬂlnmm
are entangled. This the redization of a quarntum dot source that
ermits no mare than one entangled photon pair per excitation cpcle is
furndamentaly different to the demonstrations described ahove, Tris
perhaps more closshy related to peneration of entangled photons in
single atoms'’, of which a quantum dot may be considered the
semiconductor anslogue, Another appealing feature is that after the
finst photom is emitted, the propesad single quantum dot system
resiides in an entangled photon-esciton state, opening up the possi-
hility of implermenting quantum ogic operations in the solid state as
well as plwtonic domairs,

The radiative decay of the hiesciton state (XX ina quantam dot
ermits a pair of photors, with polarization determined by the spin of
e interrmediate exciton state (X), Tn an ideal quantum dot with
degenerate X states, the polarization of the XX ploton is predicted
i b entangled with that of the X photon, foming the state
{HuxHy = ViV = 12, where H and ¥ dennte the polariza-
tieon eof the 300 and X plastons’,

In real quantum dots, the polarmation of 2 photon can 2l be
determined by its ernergy, duse to splitting of the intermediate esaton
state, shown schematically i Fig. 1. The splitting exists becaus: of

n-plane asymmetries of stroctural properte: of the quantem dat,

such as dongation and strin'™', and provides “which path’ mifor-
mabim, preventing polarzation entanglement of the ermgion. The
ke 1o the gemeration of entangled photon pairs in a quantum dot =
therelire the reduction of the excitom polarsation splitting o sem,
Here we detcribe bow we wene able to carcfully sdect unsplit
quanturn dots, or atematively apply an in-plane magnete fidd 10
tune the splitting to serm.

By charactenzing the exaten polamton splitting af 2 lage
number of InAx'Gads quantum dets friom samples grown under
different comelitioms, we k’\ll.“d the splitting tn be least for relatively
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simght quanium dot with small polari spligtimg. The fratures
correspond b emission by the excien and hisvciten (XX stare.

by, Polarizaiion splisting. £, as a fanction of in-plane magnetic field for a
simgle dot with “irverted' Sarn T 'l'helgrlen line shvws o quadratic fit to the
daia with a coefiicient of 10% peV T 7 Inset shows the bevel diagram of the
rdiative decay af the biescron state. The competing reo photen decry
paths ars distinguished enly by the polarization of the phasons, indicated hy
the arroe colaur, and the splitting, S, of the invermsediare encivan bevel. Errar
brars span pen standend devistins brom che doed line
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Figirs 2 | Secand ardis eraas corralatian of biascitan with axellos phatsns
from cosrvestional and degenerate single quantum dots, a, b, Cracs
correlatiom For a reference dei & with 5 gV polarization sphitting |k, and a
depenerare dat B bi. Carvelations measured far phatons af the wame
pelarization are shewn in red, and lor erthegnnal polarizacion in blue The
wed hisagranss are time shified 1o allow casier comparkon ta the blie. The

sall dots emitting at —1.4eY, in whidh the dectron and hole
wavefunctions are most symmetric™. Figure 12 plets polarized
photoluminescence spectra at — 0K, rocorded for o typical dot
shewving, near-zern splitting. The biexciton ]'shmnn ernission ene

i 1,96 e higher than the exciton photon emission energy, which is
quite typical for this kind of small quantum dott . : CTRTRY
difference, due to the Coulemb interaction, dlmnlwlw‘a\f\:lulxgm
sclective separation of the e photons in the pair, which s oot
possible inomost schemes for entangled photon gencration thar
requite the photons o have the same energy, Mo polarization
splitting can be resolved by eve between the horizontally and
vertically palarized components of the emission The fitted central
wawelengthe of all lines were used to determine the average polariza-
tion splitting for the exciton and bicwciton, The resulting measured
excitem splitting was found wbe L1 = 0.5 peV, within the projected
haemogeneons linewidtl of —1.5peV,

The samples. sheny comsiderable difference in the magnitude and
sign of splitting from dot wo.dot, owing tovariations indot size, shape
and compasition, Howeer, we luve found that the polarization
splitting of mary dots can be tuned to mero by applying an in-plan:
vivsgreeti field, These dots are identified by the negative gign of ter
splitting, using the sign comwention that the spliting equals the
energy of the borzontally polaieed eiton mins that of the
vertically polarized one, The tuning of the polarization splitting of
an example dot by magnetic Aeld & showr in Fig. 1h The splitting
varies approximately quadratically with magnetic field from

T 0.5 eVt #1903 05 peV Miost importaritly, the splitting
can be tuned o approximately gero for an applied field of
25 =0T, As we alall show later, this provides o way to tum on
entanghed phiton genertion by the quantum ot

Polarizaticn dependent twe photon cormdations wene memured as
detailed in the Metleds section. Figure 2a shoves the seoond order
crosd correlation between the 30 and X photen emitted by o
veference dot A, for which the exciton splitting was 490 = 05 eV
Tlee podarization cormeated taces shoten in red are artificilly time
shifted relative to the polarization anti-correlated traces showm in
Blue, te aid comparison. The average total number of courts in the
peaks an w0 deday B larger than the average number of counts in
the ol peabes, This i due o the greater probability of detecting an
L1

HH-H DO-Der WLUH

inp, miiddle and hotlom panes represent ommelations measured in the
rectilinear, dizgonal and ciroular Bases, respectively. € The degree of linear
correlation is phatted as a function of the basis angle. Error bars span

i stamdind deviations. H, harizonl; ¥, serical; [, dlagonal;

¥, anibodisgenal, B vigh L kit

X phatomn in flwe same pericd that an 30X photon was detected, The
degree of enhancement is dependent an the excitation efficiency,
which is the same for each pair of traces recorded simultaneously,
allenwing direct comparison. The three panels 1 17t corvelations
mezswred in the rectilinear, diagonal and circular hases, and were
miezsured using 2 half wave plate set at 0 and 22.5°, and a quarter
wave plate set ot 45°, placed direaly after the collection kans, The top
panel shews a much higher probability of penerating a pair of
phetons with the same rectilinear polarization. Detection of oppo-
sitely polarized photon paire is not fully suppressed owmg to
contribution from hackground Figlht and exciton dephasing, dis
oussed laterr in detail, However, no polarizaticn comrdation at all is
observed in the diagenal or ciroular bases, demonstrated by the
middle and bottom pards, The photon pains emitted by the reference
ot are therefore only classically polarization cormeated as observad
iously™™, and not entargled.

Thee corradation experiment was repeated for dot T, which has
approsimately zero splitting, The results are showmn in Fig. 2b A
irnilardegreeof rectilinesr polarization correlation is ohasrved as for
the reference dot A, and indeed all dots messured, Hovever, strong,
diagonal polarization corrdation is additionally observed, and
remarkahly also strong circular polarization anti-corrdation, This
i commisgent witl expected results for entangled photon emisson
from & single quantum deit,

Al oo property of entangled plaotom paies i that e degros
of correation does not depend on the ahsolute orientation of the
phiwitons, bt onhy the difference in the angle between them'”, The
abegree of lirear corndation v mcasared i a function of the linear
polarizanion hasis anghe by rotating the half wave plate, which s o
effect an the difference in polarization detection angles, whidh was
effectively paralld, The resules are showm in Fig. 2c. For the reference
ot A, the correlation fits well to sinusoidal beavicar betwen rero
and a masimurm af 0,243 = 0012, a8 expected for classically linearly
polarization cormelated photon paire In stak contrass, the degeee of
conrvelation for the degenerate dot Bis independent of the orientation
of de mesrerment basis withineoperimental ervor, as expeced for
polarization entangled ploton pairs, The average degres of aorve-
latiean is forned o be 0222 = 0,028, similar to the maximwm of the
referere dot. Again this is whar is egpected for entanghed photon

Figure 3 | Dassity matrices for the blexcitan-exeiton twe-phaton caseade
from coawentional and degenerate guantum dots. a-e, Real parts ol
mscasurel densily mulrios correpending L reference dat A with
pebarization aplitling, § = S0peV (@) dal B wilh § = 0x6V al 0T (B, and
— eV gk 0 pe (d) and
ot shown, and wers sora within

A d fealure strang auter off
diagnnal elements assnciated with entangled photnn pair seates, which are
moi preseni in the reference case lad, f, g Density matrices represeniing the
predicied state for idesl classically correlaved ofs and entangled ig)

photen pairs, induding 3% cenirbuiion from ancerrelaied background

ligha.

paird, in cortest ot case of cdassically correlated photon pairs
ernitting into randorm bases, for which the average degree of
eorrrelatien slsould be less by a factor of 2.

Tor fully measure the twe plton polarization state, a quantum
state tormograply scheme was wsed ™ The procedure, detsiled in
e Methods section, constracts the twe pheton pelarization densiny
malrix From 2 linear combanation of cross comrelation measuranents
wiang 16 different polaration combanations.,

The real compenent of the tao photon polanzation densaty matrx
fior the reference dot A 1% shewn in Fig, 3z, The stromger elements all
bie on the diagomal, with the stronget outer dements indicating
polarzation corrdated emazsion. The inner dingonal comprments ane
due 1o uncosreated photon pair emisgon, from badeground counts
and dephasing of the exciton state. The form af this density matri s
crmsastent with imperfect polanzation correlated photon pair ems-
sinm seen In'vinudf' *, and illustrated by the example density matrix
af Fig. 31 The densaty matrix for the degenerate dot shown in Fig, 3h
has similar dingonal elements, but now shows significant outer, off
diagonal elements. This is a feature associsted with polarizasion
entanghed photon pairs, ithastrated by the predicted density matrixof
Fij

8-" !A!irmihr density matrix is chtained for dot O tuned o0 zer
sphitting by magnetic field, 25 shown im Fig, 3d. This again suggests
that the phaton pairemissinn hasentanghed character, When the ficld
is increzsed to 5T, the splitting incresses to 1% peV, and the corre-
spording density matrix measured is shown in Fig. 3e As expected,
e off diaponel dements are suppressed, and the dot reverts to
ermitting polarization comeated photon pairs, A similar result is
Foumad if the Rdd is reduced to O, where the splitting is —8pe as
shewin Fig, e, The imaginary components of the density matrices

LETTERS

e all found o be zern with experimental envor, in agreement with
predictioms,

The mrwsurerrents presented above deady suggest that dots with
amall exciton splitting emit cntangled pheatons, We now discuss the
factors limiting the degree of entanglement. In spectiosoopy, our
weasurernents she that the hackground due o dark counts and
crmissien from layers other than the dot conteibutes on average 4950
of the coincidence counts this s unusually large owing to the
presdmity of te dot o the wetting layer, which i mecessary 1 selea
doies with zero splitting. 1Fwe correct our mesurements by removing
e projected number of hackground counts from the correlation
dara, the density matrices of the degenerare and magnetically tuned
doits pore dosely reserble the bdel entanglad case, and e largess
cigenvalues ane 0,45 * 008 and 058 £ 004, respoctively, The latter,
foor vkl the splitring is minkmal, viekes the 0.5 it for dassical
correlation in an unpolaried sowrce™. The remaining deviation
frorn ideal helaviowr i attributed o scartering betwom the two
Artermediate excitom spin states™, From previous publications where
stroing hackgrownd and entanglerment wese rot present, e cstimate
an enciton scartering finme similar to the — 1 ns radiarive lifetime. This
yiedds a maamum posible cgervaloe of 063, in mough agreement
with these mesurements,

“Thas suggests that mu&wwdunhnjdunwnl iy b incnumﬂhf
nﬁrunlu]mc;\]"‘" or electrical’ excitabion in order to increse the
ncﬂumlljgllrn.' r|r|.f|3,I reducing the radiatme hifetme throwgh Pared|
enbancement™*, or by using dots wath larger oscillator strength such
as those formed by inleviace fuctuations™ Such improvements
couldd lead to the realzmtion of a semconductor source of trggered
entangled photon pairs that would be robuast and aompact, and allow
clectncal imjection of the carmers'®

Sample fahrication and characteriztion. Sanples moetaining 1 ko danity
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g of 2 quantam dees, o
ion energy was found ™,
1inel Thus quaniues dots
iming less than the homogeneous linewidih of 1.3V were selecied
frst by ideimafining dots emanieg dose 10 14e4, thes measuring their splaniig,
For dots ametieg =142y, the spliming was svervad, and the lowess snergy
exciton lise i hosizoarally polarizad. Por these dats, the configuraion of the
unhmu-nn:plesmdx o chmthum.nnn[ the: Fp'llllllllrll.'llna‘plled

1] .l.uli.l!nl haree, ¢
~30%, which coulid b amproead by be
o duitabdy wolared single dots conkd be improvad by

tum dits were aptically aucited, with the powsr
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and X photos eeengies respectmely, with 03 me’ bandhwidih. Polarizing beam
spliters werz placed after the spectrometers, and three single photon detectons
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wiare uaad to mesasure the vertically polanized XX photoass, and horeontaly and
wertically polarized X phovons. The tme berween derecion of XX phovons and
X ploeans was messarad by 3 e inrerval analysar

Piwanns can be oo over & puisher of hours by compensating for
lacruanions in excnon and deecion efficescy over tme This iz achiew
by dereremining the degrae af cosrelatson from the ratio of the e corrdatini
measured simplaneously, cach noomalised by te nussber of paies detecsd in
diferein baser cples.

Theapproach isvalid foe anpolaried sources, and usgpolaring wasnission
of the ligha collaczion system ap 1o the wave places, Orar spmem siisfics these
Tejuirements, a5 the amision was nnpolaized withan coror, and the s
mussion was only weakly polanming, For the resulis of Fa, 2, a single half or
quarer wave plate was isertad dwectly alier the collecrion lass 1o selecr the
wzasurzment lasis fee the cucito and beesico et sinsva R anseosaly, and
The DAk wik 2oed willen o3 errc. Far the 2 al
hadf wave plate wis used belere cach grectenmetan io
et hasin fod the cucitens and Bescibon wdepei-
ikaion was cndy —1056 pol
conncident s detesind over the e of a o
1000, which diczates the mwazara
Chantam tamapgraphy asalysis. The probability thai 2 phetan poir i
with a salectad polarization coesbivatioe was deteresingd expeeime
pairs of wo phoion correbioes mesured simulaneonsh. 18 such measre
ments were used to consruct each wn photos dessity mariv. o
polarmation combinations and mecthods of ro e density masnx Faly
dzonbes the mwo-phatsin gaainan state, a 5 can be iead 1o e foe

enanglement. The sest we chese s than of the largest agemvabas, which is a
gl 1t thatmakes i assarprios abour the samiee of the asaigled sare, in

R
e Feu an uapolsinad <lasical souece, the prakul
cxials in iy given poligization state cannal exsesd 13, ek
P05 sageaites the peessnce of entanglessenn.
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LETTERS

Ultrafast superheating and melting of bulk ice

H. IgIE'\.I M. Schmelsser K. Slmeomdls A. Thaller' & A. Laubereau'

The superheating of a solid 1o a tenperature heyond its melting
point, without the solid actually melting, is a well-known
phenomenaon. 1 ocours with many substances', particulardy
thase that can remsdily be produced as high-quality orystals. In
principle, ice showdd also be amenable o superheating. But the
complex three-dimensonal network of hydrogen bonds that holids
mﬂllﬂl:ﬂ.‘llﬂI{Fhrlrﬂp‘\ﬂﬁﬂhlmmﬂ]ml"’ﬂd;ﬂ'ﬂd
pcn"lcrl:ei"““ affects the melting hehavioor of ice'*; in
, e wsally contains many owing to the direc-
ﬁmnyﬁluwwlkmu,ﬁmuhﬁmmmﬂﬁly
ahle to ‘crente” defect -free ice that can he superheatsd'™ ', Here we
show that by exciting the OH stretching maode of water, it is
passible 1o superheat ice. When nsing an ice sample at an initial
temperature of 270K, we ohserve an average rature rise of
b= 2K that persists over the monitored time interval of 250 ps
withaut melti
W have pc'xvrmu'\el ultrafast termperature jump messurements
in ice {for details on the cxperimental setoup and the sample
preparation, sec the Methods sectiom) wsing the OH- and
OH-stretching vibrations for rapid heating of the sample'™*, The
same vibrational modes are known to sensitive probes for
Hebomding'** and represent suitahle spoctral toals to distinguish
lncal ice or water structures with a time resolution of a few
piensscnmds=!. To illustrate this point, the steady-state infrarsd
ahsorption spectrum of HDO(Cr i shown in 1a for various
termperature values. In the range 2,000-40000m " the well-known
- and OH-haneds (left and right] ccour with significant changes of
position (blueshift) and shape with temperature. Figure [h prescits
the samie data as thermal differential spectra for 7= 20K, The
spectrum corresponding to melting of the ioe sample roduced by a
factor of five is also ghown in the Fig 1h, The potential of the
mederular vibratiors & bocal probes of temperature and meting is
readily seen.
Famiples for the time-resolued differertial spectra measured ina
2 5-pime-thick HOOR,O 015 MY jce specimen at 200 K are presented
in Fig L 1t showws ultrafast heating by two different processes: via
irifrared absorption of the OH- or the OD-stretching vibeation, The
transient spectra taken 50 ps after excitation areshown in Fig. 2 The
abeorprion changes are plotted for purg pulses of 30l at
290w (OH-pumping. blue points} and 2.7 p] ar 2435 em !
(UD-purnping, red points), The adjustment of the pump-puls:
energics ensires that approcimately equal amourits of encrgy ane
epaosited in the swnple for both frequency settings, Bodh oudtation
sclwemies induce almost the same spectral changes in the HDO joe,
indicaring taat the OH- and OD-oscillators are alveady at i = 50ps.
in a local equilibrium. The similarity of the fime-reschved data in
Fig 2a and the thermal differential spectra presented in Fg. 1h
eonfirre induced heating of the sample. A comparison of the
euperimental data against differential spectra computed for
warious Bochoric temperatare jumps and the ssocated sivul-
Taneous pressire increise SugEets an dverage temperature s of
20 = 2K i e ioe sample (Fig. Zh, see alan the Methods secticn fur

further details). The mochoric presure inoease is edimated to be
=26 P

The time evolutinn of the speciral change: induced by OH-
pumping i depicted 25 a contour plot in Fig. 2e, showing that the
frequency shift of the hydrealic stretehing modes—whach appears as
nduced shaorptiom in the hagh-frequency wings, mdiated i red—
has terminated after X ps. The h'mpma] evolution of the spectral
shift for hath OF- and OF-pum is dr\-rlurwmn'] b mmore
quarditative data in Fig. 2d 1r|4]]w J;i i% ns 'Fm'|||rnc|mnf
ZA¥em ' (0D probing, Fig. _d'l and !,_?i'lcm (O prohing,
Fig. 2e). At short delay fimes, fast signal changes oocur 2t mates
comparable to our time ressbution under both excitation conditiors,
athath probing frequencies. | The signal overshinot for OH-pumying,
shemm by blue points in Fig, e at around ¢, = 0 ps possibly involves.
a cherent probe artefact in addition to mlh'ﬁﬂ“ of the
vihratiomal ground state.] For delmy times longer than 20ps, ampli
e bevels are constant. We can fit the data using a simple rdavation
miedel with twe assumed exponential time corstanes, and obtain a
shart relasation time of 7, = 0.5 ps consistent with the reported
OH-lifetime of HIND ice™'® and a longer relaxation time of
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Figure 1| Conventional infrared abssepticn spectra of HOO:D20 (16 M)
a, Absorption spectra of hesaganal loe bn the OH- and ODareching reglon
al various temperatures from 200K (blueh i 270K ired). The specirum
of the sallen samsple 01 275 K (bback line ) i abia shown. B, Same dala 2 in @
plozed as chernaal dilferentil spectra with AT = 3 K- Far a beier view,
the spectrum cuercipanding Lo mselting of the ie snaple is scaled by & lactar
af 0.2 FTE-2T0E, Back Bnel.

"Phpsie-Dapartment, Techrsche Urngralal Winches, lames-Frartb-Slrnae. [-BETE8 Sancting. Garimary

£ NATURE 01/12/2006 Section: Letters to Nature Page: 182/183

|

S @ VHTepHeT




