
8/10/12 Quantum optics: Strongly interacting photons : Nature : Nature Publishing Group

1/5www.nature.com/nature/journal/v488/n7409/full/nature11384.html

QDWXUH�FRP 6LWHPDS &DUW /RJLQ 5HJLVWHU

1$785( �_� 1(:6�	�9,(:6

6XEMHFW�WHUPV� 3K\VLFV

4XDQWXP�RSWLFV��6WURQJO\�LQWHUDFWLQJ�SKRWRQV

7KDG�*��:DONHU

1DWXUH ����� ���±�� �����$XJXVW������ � GRL���������QDWXUH�����

3XEOLVKHG�RQOLQH ����-XO\�����

$�ILQH�PDUULDJH�EHWZHHQ�DWRPLF�DQG�RSWLFDO�SK\VLFV�KDV�SURGXFHG�D�PHGLXP�WKDW�LV�WUDQVSDUHQW�WR
VLQJOH�SKRWRQV�EXW�RSDTXH�WR�PXOWLSOH�SKRWRQV��7KH�ILQGLQJ�KHUDOGV�WKH�GHYHORSPHQW�RI�GHYLFHV
VXFK�DV�VLQJOH�SKRWRQ�VZLWFKHV��6HH�/HWWHU�S���

&DQ�SKRWRQV�EH�PDGH�WR�LQWHUDFW�VWURQJO\�ZLWK�HDFK�RWKHU"�8QWLO�UHFHQWO\��PDWHULDOV�ZLWK�QRQOLQHDU�RSWLFDO

SURSHUWLHV�FRXOG�PHGLDWH�SKRWRQ±SKRWRQ�LQWHUDFWLRQV�WKDW�ZHUH�ZHDN�DW�EHVW��7KHVH�ZHDN�LQWHUDFWLRQV�KDYH

SUHYLRXVO\�EHHQ�DUWLILFLDOO\�HQKDQFHG�XVLQJ�GHYLFHV�NQRZQ�DV�RSWLFDO�FDYLWLHV
�
��ZKLFK�PDNH�WKH�SKRWRQV

UHSHDW�WKHLU�HQFRXQWHUV�WKRXVDQGV�WR�PLOOLRQV�RI�WLPHV��2Q�SDJH����RI�WKLV�LVVXH��3H\URQHO�HW�DO� �

GHPRQVWUDWH�D�QHZ�PDWHULDO�LQ�ZKLFK�VLQJOH�SKRWRQV�SURSDJDWH�IUHHO\��EXW�LQWHUDFW�VR�VWURQJO\�ZLWK�HDFK

RWKHU�WKDW�ZKHQ�MXVW�WZR�SKRWRQV�DUH�SUHVHQW�RQH�LV�TXLFNO\�DEVRUEHG��7KH�UHVXOW�RSHQV�XS�WKH�SRVVLELOLW\�RI

UHDOL]LQJ�FRQFHSWV�VXFK�DV�VLQJOH�SKRWRQ�VZLWFKHV��GHWHUPLQLVWLF�SKRWRQ�EDVHG�TXDQWXP�ORJLF��DQG�TXDQWXP

JDVHV�RI�VWURQJO\�LQWHUDFWLQJ�SKRWRQV

�

:H�KDYH�NQRZQ�VLQFH�WKH�GDZQ�RI�TXDQWXP�SK\VLFV�D�FHQWXU\�DJR�WKDW�OLJKW�FRQVLVWV�RI�SDUWLFOHV��FDOOHG

SKRWRQV��RI�HQHUJ\�KI��ZKHUH�K�LV�3ODQFN
V�FRQVWDQW�DQG�I�LV�WKH�OLJKW
V�IUHTXHQF\��3KRWRQV�XVXDOO\�LQWHUDFW
H[WUHPHO\�ZHDNO\�ZLWK�HDFK�RWKHU��EXW�VWURQJO\�ZLWK�WKH�FKDUJHG�SDUWLFOHV�WKDW�FRPSULVH�PDWWHU��,Q�PRVW

PDWHULDOV��WKH�RSWLFDO�UHVSRQVH�LV�OLQHDU�²�D�EHDP�FRPSULVHG�RI�PDQ\�SKRWRQV�VFDWWHUV�DQG�PRYHV�IURP

SODFH�WR�SODFH�LQ�WKH�VDPH�ZD\�WKDW�VLQJOH�SKRWRQV�GR��,QVLGH�QRQOLQHDU�PDWHULDOV��KRZHYHU��WKH�RSWLFDO

UHVSRQVH�LV�DOWHUHG�ZKHQ�PXOWLSOH�SKRWRQV�DUH�SUHVHQW��7KH�PRWLRQ�RI�D�SDUWLFXODU�SKRWRQ�GHSHQGV�RQ�WKH

SURSHUWLHV�²�PRVW�QRWDEO\�WKH�QXPEHU�²�RI�RWKHU�SKRWRQV�LQ�LWV�YLFLQLW\��8QWLO�UHFHQWO\��KRZHYHU��DYDLODEOH

QRQOLQHDU�PDWHULDOV�UHTXLUHG�ODUJH�QXPEHUV�RI�SKRWRQV�WR�EH�SUHVHQW�LQ�RUGHU�IRU�WKHP�WR�QRWLFHDEO\�DIIHFW

HDFK�RWKHU��3H\URQHO�HW�DO� ��FRPELQHG�VHYHUDO�UHFHQW�GHYHORSPHQWV�LQ�DWRPLF�DQG�RSWLFDO�SK\VLFV�WR
SURGXFH�D�QRYHO�QRQOLQHDU�PHGLXP�WKDW�LV�WUDQVSDUHQW�WR�VLQJOH�SKRWRQV�\HW�RSDTXH�WR�PXOWLSOH�SKRWRQV��)LJ�

���

)LJXUH����$�VWUHDP�RI�VLQJOH�SKRWRQV�

$UWLFOH1HZV�	�9LHZV,VVXH�����9ROXPH����$UFKLYH



8/10/12 Quantum optics: Strongly interacting photons : Nature : Nature Publishing Group

2/5www.nature.com/nature/journal/v488/n7409/full/nature11384.html

3H\URQHO�HW�DO���KDYH�GLUHFWHG�D�EHDP�RI�RYHUODSSLQJ�SKRWRQV�LQWR�DQ�DWRPLF�JDV�LQ�ZKLFK�VLQJOH�SKRWRQV�DUH
FRQYHUWHG�LQWR�FROOHFWLYH�H[FLWDWLRQV�NQRZQ�DV�5\GEHUJ�SRODULWRQV��7KH�SRODULWRQV��ZKLFK�FDQ�EH�WKRXJKW�RI�DV
VSKHUHV�FRPSULVLQJ�PDQ\�DWRPV�DQG�RQH�SKRWRQ��VWURQJO\�DEVRUE�DGGLWLRQDO�SKRWRQV��2Q�H[LWLQJ�WKH�JDV��WKH
SRODULWRQV�DUH�FRQYHUWHG�EDFN�WR�LQGLYLGXDO��QRQ�RYHUODSSLQJ�SKRWRQV�

7KH�ODUJHVW�QRQOLQHDU�RSWLFDO�HIIHFWV�DFKLHYDEOH�LQ�DWRPV�RFFXU�ZKHQ�D�OLJKW�ILHOG�UHQGHUV�WKH�DWRPV
WUDQVSDUHQW��&RQVLGHU�D�VDPSOH�RI�DWRPV�WKDW�KDYH�WKUHH�HQHUJ\�OHYHOV��D�JURXQG�VWDWH�( ��DQ�H[FLWHG�VWDWH
( �DQG�DQ�LQWHUPHGLDWH�OHYHO�( ��VHH�)LJ���E�RI�WKH�SDSHU����3KRWRQV�RI�IUHTXHQF\�I �WKDW�DUH�GLUHFWHG�LQWR
WKH�VDPSOH�DQG�REH\�WKH�%RKU�HTXDWLRQ��KI  ( í( ��ZLOO�QRUPDOO\�EH�DEVRUEHG��+RZHYHU��ZKHQ�D�VWURQJ

FRQWURO
�ODVHU�RI�IUHTXHQF\�I �LV�DOVR�VKRQH�RQ�WKH�VDPSOH��WKH�DWRPV�EHFRPH�WUDQVSDUHQW�WR�IUHTXHQF\�I �LI
WKH�FRQGLWLRQ�K�I �I � ( í( �LV�VDWLVILHG��7KLV�HOHFWURPDJQHWLFDOO\�LQGXFHG�WUDQVSDUHQF\��(,7��UHI�����SXWV
WKH�DWRPV�DQG�SKRWRQV�LQWR�FROOHFWLYH�H[FLWDWLRQV�FDOOHG�SRODULWRQV��,Q�3H\URQHO�DQG�FROOHDJXHV
�H[SHULPHQW�
WKH�FRQWURO�ODVHU�FKDQJHV�WKH�WUDQVPLVVLRQ�RI�WKH�DWRPLF�JDV�IURP�HVVHQWLDOO\�]HUR�WR������7KH�(,7
FRQGLWLRQ�LV�H[WUHPHO\�VHQVLWLYH��SKRWRQV�WKDW�REH\�LW�DUH�WUDQVPLWWHG�ZLWK�KLJK�SUREDELOLW\��ZKHUHDV�WKRVH
WKDW�YLRODWH�LW�DUH�DEVRUEHG�QRUPDOO\��7KLV�LV�EDVLFDOO\�DQ�RSWLFDOO\�FRQWUROOHG�VZLWFK��

:KHQ�WKH�XSSHU�OHYHO�U�LV�D�VWDWH�RI�ODUJH�SULQFLSDO�TXDQWXP�QXPEHU�Q��D�5\GEHUJ�VWDWH����WKH�(,7�FRQGLWLRQ
FDQ�EH�HDVLO\�YLRODWHG�E\�ZHDN�LQWHUDFWLRQV�EHWZHHQ�WKH�DWRPV��)RU�DQ�Q�RI�DERXW������D�VLQJOH�5\GEHUJ
DWRP�ZLOO�FDXVH�D�YLRODWLRQ�RI�WKH�(,7�FRQGLWLRQ�IRU�DOO�RWKHU�DWRPV�ZLWKLQ�D�
EORFNDGH�UDGLXV
�RI���
PLFURPHWUHV��7KLV�5\GEHUJ�EORFNDGH�SURGXFHV�UHFRUG�QRQOLQHDULWLHV��DV�VKRZQ�UHFHQWO\�E\�$GDPV�DQG
FROOHDJXHV ���DQG�KDV�EHHQ�XVHG�WR�HQWDQJOH�QHXWUDO�DWRPV�VHSDUDWHG�E\�PLFURPHWUH�VFDOH�GLVWDQFHV������$
5\GEHUJ�SRODULWRQ�FDQ�EH�WKRXJKW�RI�DV�D����ȝP�VSKHUH�FRQWDLQLQJ�PDQ\�JURXQG�VWDWH�DWRPV�DQG�RQH
5\GEHUJ�DWRP�²�RU��HTXLYDOHQWO\��PDQ\�DWRPV�DQG�RQH�SKRWRQ��6KRXOG�RWKHU�SKRWRQV�HQWHU�D�YROXPH
DOUHDG\�RFFXSLHG�E\�D�5\GEHUJ�SRODULWRQ��WKH�EORFNDGH�HIIHFW�FDXVHV�D�YLRODWLRQ�RI�WKH�(,7�FRQGLWLRQ��VR�WKH
SKRWRQV�DUH�DEVRUEHG�UDWKHU�WKDQ�WUDQVPLWWHG��1RWH�WKDW�LI�WKH�DWRP�GHQVLW\�LV�ORZ��DV�LQ�SUHYLRXV
H[SHULPHQWV���WKH�DEVRUSWLRQ�SUREDELOLW\�PD\�VWLOO�EH�VPDOO�

7KH�ILQDO��HVVHQWLDO�LQJUHGLHQW�QHHGHG�WR�JHQHUDWH�VWURQJ�SKRWRQ±SKRWRQ�LQWHUDFWLRQV�DW�WKH�WZR�SKRWRQ�OHYHO

J

U H �

� H J

� �

� � U J



8/10/12 Quantum optics: Strongly interacting photons : Nature : Nature Publishing Group

3/5www.nature.com/nature/journal/v488/n7409/full/nature11384.html

&$6,6,3XE0HG$UWLFOH6KRZ�FRQWH[W

$UWLFOH6KRZ�FRQWH[W

&$6,6,$UWLFOH6KRZ�FRQWH[W

&$6,6,$UWLFOH6KRZ�FRQWH[W

&$6,6,$UWLFOH6KRZ�FRQWH[W

LV�DQ�DWRPLF�FORXG�RI�VXFK�KLJK�GHQVLW\�WKDW�ZKHQ�WZR�RU�PRUH�SKRWRQV�HQWHU�D�EORFNDGH�YROXPH��DOO�EXW�RQH

DUH�DEVRUEHG�ZLWKLQ�WKDW�YROXPH��OHDYLQJ�D�VLQJOH�5\GEHUJ�SRODULWRQ��7KLV�
SKRWRQ�EORFNDGH
�LV�WKH�QRYHOW\�RI

3H\URQHO�DQG�FROOHDJXHV
�VWXG\��7KHLU�H[SHULPHQW�UHYHDOV�WKDW�D�PXOWL�SKRWRQ�LQFLGHQW�OLJKW�EHDP�LV

FRQYHUWHG��ZLWKLQ�D�IHZ�PLFURPHWUHV��LQWR�D�EHDP�RI�VLQJOH�SKRWRQV��ZLWK�D�VPDOO��OHVV�WKDQ�������SUREDELOLW\

WKDW�WZR�SKRWRQV�ZLOO�OHDYH�WKH�DWRPLF�JDV�DW�WKH�VDPH�WLPH��,QWHUHVWLQJO\��HYHQ�WKRXJK�WKHLU�VDPSOH�LV�ODUJH

HQRXJK�IRU�VHYHUDO�5\GEHUJ�SRODULWRQV�WR�FR�H[LVW��WKH�DXWKRUV�ILQG�WKDW��DQG�H[SODLQ�ZK\��RQO\�RQH�SKRWRQ�DW

D�WLPH�LV�IRXQG�ZLWKLQ�WKH�HQWLUH�VDPSOH�

$Q�H[FLWLQJ�IHDWXUH�RI�WKLV�H[SHULPHQW�LV�WKDW�WKHUH�DUH�VHYHUDO�FOHDU�DYHQXHV�WRZDUGV�LPSURYLQJ�WKH

SURSHUWLHV�RI�WKH�PHGLXP��&RROHU��GHQVHU�DWRPLF�JDVHV�DQG�ODVHUV�WKDW�KDYH�D�QDUURZHU�IUHTXHQF\�UDQJH

ZRXOG�LPSURYH�WKH�(,7�WUDQVPLVVLRQ�WR�QHDUO\������DQG�UHGXFH�WKH�RYHUODS�RI�SKRWRQV�IURP�WKH�VLQJOH�

SKRWRQ�VRXUFH��$�ORRPLQJ�FKDOOHQJH�LV�WR�UHFRQILJXUH�WKH�H[SHULPHQW�VR�WKDW�WKH�WZR�SKRWRQ�QRQOLQHDULW\

GHOD\V�UDWKHU�WKDQ�DEVRUEV�H[FHVV�SKRWRQV���7KLV�W\SH�RI�QRQOLQHDULW\��ZKLFK�SUHVHUYHV�WKH�QXPEHU�RI

SKRWRQV��ZRXOG�EH�H[WUHPHO\�XVHIXO�IRU�TXDQWXP�LQIRUPDWLRQ�SXUSRVHV�

,Q�RQH�UHVSHFW��3H\URQHO�DQG�FROOHDJXHV�KDYH�GHPRQVWUDWHG�D�TXDOLW\�VLQJOH�SKRWRQ�OLJKW�VRXUFH�WKDW�KDV�D

UDWH�RI�HPLVVLRQ�LQ�WKH�PHJDKHUW]�UHJLPH��DV�'XGLQ�DQG�.X]PLFK�KDYH�VKRZQ
�
�XVLQJ�D�UHODWHG�DSSURDFK�

7KH�NH\�FDSDELOLW\�RI�WKLV�H[SHULPHQW
�
�²�HQJLQHHULQJ�VWURQJ�SKRWRQ±SKRWRQ�LQWHUDFWLRQV�DW�WKH�WZR�SKRWRQ

OHYHO�²�VKRXOG�DOVR�OHDG�WR�YDULRXV�RWKHU�QHZ�SRVVLELOLWLHV��)RU�H[DPSOH��VLQJOH�SKRWRQ�VZLWFKHV��SKRWRQ

GHWHFWRUV�RI�KLJK�TXDQWXP�HIILFLHQF\��DQG�QRQ�GHVWUXFWLYH�SKRWRQ�GHWHFWLRQ�FDQ�HDVLO\�EH�IRUHVHHQ�DV

H[WHQVLRQV�RI�WKLV�ZRUN��7KH�SK\VLFV�RI�VWURQJO\�LQWHUDFWLQJ�SKRWRQV�KDV�D�EULJKW�IXWXUH�

1RWHV
1RWHV � 5HIHUHQFHV � $XWKRU�,QIRUPDWLRQ � &RPPHQWV

5HIHUHQFHV
1RWHV � 5HIHUHQFHV � $XWKRU�,QIRUPDWLRQ � &RPPHQWV

��� %LUQEDXP��.��0��HW�DO��1DWXUH��������±����������

��� 3H\URQHO��7��HW�DO��1DWXUH��������±����������

��� )OHLVFKKDXHU��0���,PDPRJOX��$��	�0DUDQJRV��-��3��5HY��0RG��3K\V���������±�����������

��� +DUULV��6��(��	�<DPDPRWR��<��3K\V��5HY��/HWW����������±������������

��� 6DIIPDQ��0���:DONHU��7��*��	�0ROPHU��.��5HY��0RG��3K\V����������±������������



8/10/12 Quantum optics: Strongly interacting photons : Nature : Nature Publishing Group

4/5www.nature.com/nature/journal/v488/n7409/full/nature11384.html

6KRZ�FRQWH[W

&$63XE0HG$UWLFOH6KRZ�FRQWH[W

&$63XE0HG$UWLFOH6KRZ�FRQWH[W

&$63XE0HG$UWLFOH6KRZ�FRQWH[W

��� 3ULWFKDUG��-��'���:HDWKHULOO��.��-��	�$GDPV��&��6��3UHSULQW�DW�KWWS���DU[LY�RUJ�DEV������������������

��� :LON��7��HW�DO��3K\V��5HY��/HWW���������������������

��� ,VHQKRZHU��/��HW�DO��3K\V��5HY��/HWW���������������������

��� 'XGLQ��<��2��	�.X]PLFK��$��6FLHQFH���������±�����������

'RZQORDG�UHIHUHQFHV

$XWKRU�LQIRUPDWLRQ
1RWHV � 5HIHUHQFHV � $XWKRU�,QIRUPDWLRQ � &RPPHQWV

$IILOLDWLRQV
7KDG�*��:DONHU�LV�LQ�WKH�'HSDUWPHQW�RI�3K\VLFV��8QLYHUVLW\�RI�:LVFRQVLQ�0DGLVRQ��0DGLVRQ�
:LVFRQVLQ��������86$�

&RUUHVSRQGLQJ�DXWKRU
&RUUHVSRQGHQFH�WR��7KDG�*��:DONHU


7KLV�DUWLFOH�DQG�WKH�SDSHU�XQGHU�GLVFXVVLRQ

�
�ZHUH�SXEOLVKHG�RQOLQH�RQ����-XO\������

&RPPHQWV
1RWHV � 5HIHUHQFHV � $XWKRU�,QIRUPDWLRQ � &RPPHQWV

6XEVFULEH�WR�FRPPHQWV

$OWKRXJK�\RX�DUH�DQ�H[LVWLQJ�QDWXUH�FRP�XVHU��\RX�ZLOO�QHHG�WR�DJUHH�WR�RXU�&RPPXQLW\�*XLGHOLQHV�DQG

DFFHSW�RXU�7HUPV�EHIRUH�\RX�FDQ�OHDYH�D�FRPPHQW�

9LHZ�DQG�DFFHSW�7HUPV

,I�\RX�ILQG�VRPHWKLQJ�DEXVLYH�RU�LQDSSURSULDWH�RU�ZKLFK�GRHV�QRW�RWKHUZLVH�FRPSO\�ZLWK�RXU�7HUPV�RU

&RPPXQLW\�*XLGHOLQHV��SOHDVH�VHOHFW�WKH�UHOHYDQW�
5HSRUW�WKLV�FRPPHQW
�OLQN�



8/10/12 Quantum optics: Strongly interacting photons : Nature : Nature Publishing Group

5/5www.nature.com/nature/journal/v488/n7409/full/nature11384.html

1DWXUH ,661���������� (,661����������

�������1DWXUH�3XEOLVKLQJ�*URXS��D�GLYLVLRQ�RI�0DFPLOODQ�3XEOLVKHUV�/LPLWHG��$OO�5LJKWV�5HVHUYHG�
SDUWQHU�RI�$*25$��+,1$5,��2$5(��,1$63��25&,'��&URVV5HI�DQG�&2817(5


