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Rich level structure:

-electronic E~ 104 cm!

-vibrational ~ 100 cm-!
o -rotational ~ 1-10 GHz
- hyperfine ~ kHz-MHz transitions

- -Permanent electric dipole moment d~0.1-6 D
electric dipole

moment -State control by AC, DC electric and magnetic
fields

-Long-range, anisotropic dipole-dipole interaction

_dd, 3dRr)d,R)
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H,o | J,m,)=BJ?|J,m,)=BJ(J +1)|J,m,)

|(J, m, |CT |J£1,m,")|~d - rotational transitions dipole moment of the order of permanent dipole moment



-Quantum computation and quantum simulation

quantum magnetism: Ising, Heisenberg, XXZ models (A.V.Gorshkov, et. al.
PRL 107, 115301(2007))

topologically ordered states (N.Yao et. al., PRL 109, 266804(2011))

highly entangled states, e.g. cluster state for MBQC (K.R.A. Hazzard et. al.
PRA 90, 063622(2014))

- novel quantum phases and phase transitions induced by dipole-dipole
interactions

dipolar crystals (H.P. Buchler et al., PRL 98, 060404 (2007))

Hubbard model with long-ranged interactions (B. Capogrosso-
Sansone et al. PRL 104, 125301 (2010))

- quantum chemistry at cold and ultracold temperatures (s. Ospelkaus, et al.
Science 327, 853 (2010))

- high precision spectroscopy to measure fundamental constants, tests of
Standard Model (3.3.Hudson et al. Nature 473, 493 (2011))



Coherent dipolar spin-exchange with KRb molecules in 3D
optical lattice (B.van et. al. Nature 501, 521 (2013))
- Rotational states )= J=0,m, =0),

M= J=1m, =-1) can form a spin-1/2 system
- In the absence of DC electric field interaction
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Figure 1| Dipolar interactions of polar molecules in a 3D lattice. a, Polar
molecules are loaded into a deep 3D optical lattice. Microwaves are used to
address the transition between two rotational states (red and blue represent
different rotational states). J, characterizes the spin-exchange interaction
energy. b, Schematic energy diagram (not to scale) for the ground and first
excited rotational states. The degeneracy of the excited rotational states is
broken as a result of a weak coupling of the nuclear and rotational degrees of
freedom. We use |0,0) and |1, —1) as our two spin states. ¢, The interaction
energy between any two molecules depends on their relative position in the
lattice. The numbers shown give the geometrical factor —Vaq(r; — r;) for the
dipolar interaction of each site relative to the central site (green), under the
specific quantization axis (B field). Negative values (blue) correspond to
attractive interactions, and positive values (red) correspond to repulsive
interactions.
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Figure 2 | Coherent spin dynamics of polar molecules. a, A (m/2),-pulse
initializes the molecules in a coherent superposition of rotational states. A spin-
echo pulse sequence is used to correct for effects arising from single-particle
inhomogeneities across the sample, such as residual light shifts. b, The phase of
the final m/2-pulse is scanned (corresponding to rotations around a variable
axis, /1) to obtain a Ramsey fringe. T'wo fringes are shown, corresponding to the
short (green circles) and intermediate timescales (orange triangles). ¢, The
contrast of the Ramsey fringe is measured as a function of interrogation time.

Because the molecules’ spin states are initially all in phase, at very short times,
T < 2h/] , , the contrast decay curve should be quadratic’’, as shown in the
inset. d, The contrast of the Ramsey fringe versus interrogation time is shown
for two different filling factors, characterized by the initial molecule number. In
addition to the density-dependent decay, we observe oscillations, which arise
from spin-exchange interactions between neighbouring molecules. ¢, The spin
coherence time decreases for increasing molecule number. The solid line shows
a fitto C+ A/N, where C and A are constants. Error bars, 1s.d.




- molecular states have to be read out at the end of evolution

-lack of cycling transitions prevents state readout by ol
fluorescence detection Qmyi

- molecular states are detected destructively via REMPI or
Feshbach dissociation + detection of atomic fluorescence
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K, detection, W.C. Stwalley et. al., J. Mol. Spectr. KRb detection, K.-K. Ni et. al., Science, 322,
195, 184 (1999) 231 (2008)



. .

. .
.....

- molecular dipole interacts with electric field produced by
Rydberg atom ionic core and outer electron

_ed,R ed,(R-T)
ch—dip — R3 o |F_é_l—;|3

-at d<d,=1.63D bound Rydberg atom-polar molecule states are

predicted to form(polyatomic Rydberg molecules)

S.T. Rittenhouse, H.R. Sadeghpour, PRL 104, 243002 (2010);

S.T.Rittenhouse, M. Mayle, P. Schmelcher, H.R. Sadeghpour, J. Phys. B 44, 184005
(2011)

H = HRydb + Hmol +Vch—dip
-system Hamiltonian is diagonalized in a basis of unperturbed

atomic electronic and molecular rotational states |nlm)|Jm,)
to obtain dressed atom-molecule states
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- use probe qubit to measure spectroscopic qubit similar to
quantum logic spectroscopy

-electric field of Rydberg ionic core and electron interacts with
molecular dipole and changes energies of rotational states

—_— D4 J=1m, =0) o Eryan Ven_dip
2B Vch—dip ERydb +2B

|‘L> :l‘] :O’mJ =0)

energies of dressed atom-molecule states
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E.Kuznetsova, S.T. Rittenhouse, H.R. Sadeghpour, S.F. Yelin,

R, core-molecule distance
Phys. Chem. Chem. Phys. 13, 17115 (2011).




Energies of dressed atom-molecule states

for KRb+Rb(60s) and RbYb+Rb(60s)
~|60s)|J =0,m, =0), |60s)|J =1,m, =0,+1)

. Std
-basis states: Rb
60s, 60p, 59p, 59d, 58d, 57f
p, =313, p1,=2.65 u, =134, u, =0.016 o0p
- rotational molecular states 57¢
|J=0,m, =0), |J=Lm, =0,£1), |J =2,m, =0,£1,£2) — 00s
58d
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Readout of rotational states via selective excitation to
dressed atom-molecule states

@b +sM gy =aN | g)+BMIN=al)g)+AIT) e

photon detection: [T) state
no photon: [{) state
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Atom in | gy , full atomic fluorescence signal measured
System is selectively excited to Rydberg state 19D =InDM: (@My+sM)Igey=alyg)+BM|r)

Population |a|° in | ) measured via atomic fluorescence

Measurement is of QND type (T.C. Ralph et al., PRA 73, 012113
(2006))



-molecular array interacts with atomic system in a single collective Rydberg excitation (superatom)

- energies of dressed states of molecules and superatom depend on collective molecular rotational states

NTT ..
Ny=lJ=0,m, =0), [TY=J=1m, =0,£1)

- selective excitation of atom to Rydberg state and detection of atomic fluorescence will measure
population of the selected collective rotational state

Model system:

-1D array of polar molecules (KRb or RbYb), each in
superposition of 1), [T) states

- parallel 1D array of atoms in superatom state

iKT:

"19:,0,5,0.0)

atom \/73 Ze

E. Kuznetsova, S.T. Rittenhouse, H.R. Sadeghpour, S.F. Yelin, PRA 94, 032325 (2016).



- Arrays of N =35 moleculesand N, =N +2 atoms

- System Hamiltonian was diagonalized in a basis of atomic electronic and collective rotational
molecular states

| atom | 0I> | ol> |a1 a N>

- Simplified basis: only [r;) =60s) and |a)=[J=0,m; =0),|J=1m; =0) basis states were used
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sti | R - | molecule and j* atom
- For |V} |<<E,, the energy shift of (k T,(N=k)) state
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AE, MHz

AE, MHz

Energy shifts of dressed states of 1D linear N molecules
array + 1D linear array of atoms in superatom state
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Readout of collective molecular rotational states

N(T)
N-1(T),1(¢)§
: W aiom ) -atoms are excited to superatom state selectively
only for
N-1(4), 1(1) N(T) ¥ kT, (N=K) )
-1(7), 1(4)

N(L) m pulses

}"Pe) - superatom is transferred to short-lived state

1 & ifk)r
| \W,) = Ze ] |g1’92""ej"'gNa>_)| 99g..)
Na =1
N(T) -fluorescence intensity gives population of
N-1(1), 1(4) i J | N | er)
N-1(d), (M I f_/ 9.9, o

-measurement is of QND type
-if a photon is detected molecules are projected
to |, - state preparation

N(})



Indirect molecular interactions mediated by Rydberg atoms

-polar molecules trapped in deep
|g} |g} /F}\! |g} Ig} optical lattice (no tunneling)

- Rydberg superatom trapped in a
shallow optical lattice/periodic trap

| ‘ ‘ ‘ ‘ ‘ b ‘ ‘ t array - strong tunneling
- Rydberg atom simultaneously
interacts with all molecules: mediates
molecular interaction

Direct polar molecule - Rydberg atom charge-dipole interaction

Q(ﬁ - F) ~ aoaRydb _3(60’ ﬁxaRydb’ Ii’)

Indirect molecular interaction

| ch—dip,if |
Vo T2 E T
i f

f




|np,j:3/2,mj =+1/2.£3/2)

|np, j=1/2,m, =£1/2)
Eatj

Ny=J,m, =0) |ns,m; =+1/2)

- molecular spin-1/2: |1)=]J=0,m;=0), |1)=|J=1,m,=0) rotational states

- [3=0,m,;=0)«[J=1,m;=0) transition is near resonant with np; — ns Rydberg transition

- atom-molecule system can oscillate between near resonant |ns, T)<|np;, |) states: atom-molecule Forster

resonance

- if molecular states have induced dipole moments, transitions |ns, T)<|np;, T), ns, , {)<|np;, {) also possible

Vch—dip = Z| i>mvifm<f |m

m,i, f

i), = ns,m; =1/2,ks;e), | ) =nps MK By iy By =T

—_ —

kO’ k denote quasimomenta of the initial and final atomic motional state, described by Bloch

, (N) _ (n) [\ AKX
functions ‘I—’IZ =Uu: (X)e



| npj’TiTm>

VARRN
Inp; didy) np;, Tid ) 32 5\2 Inp; 4 T
PN 77N\ s TT) =
NN R v
Ins, T 4.) Ins, 4, T, ns, Tid ) // \\ Ins,4; T,
N W
Ins,¥,4,)
molecular spin-exchange interaction molecular s,s, interaction

- molecular spin-spin interaction: Schrieffer-Wolff transformation
H=H,+H,, +V,.=H,+V.,
H =eSHe® =H +[S, H]+—[S’[82’ H]]+o(33)
[S,Ho]=-V,,, =
H=H, +%+O(\/iﬁt)

S - Vint



For an atom initially in NS state the effective interaction is projected

V, =P Mp . P =[ns,m; Kk, ns,m. K, |

ns 2 ns
Veff :| ns, mj ! ko><nS, mj ) kO | _ Z K;cr;,yé | aiﬂm><7/i5m |
;T/;,%&:T,i
Assuming |V, . |[<< E.—E,,E,,—E, and keeping only resonant terms

31 =np ns

L
Ve 2 ns,m;, Ky)<ns, m;, k| (ZJiﬁfoSﬁ] +J%(Si+8r; + sis;)jﬂ ns,m;,k,)(ns,m; K, | besiz

s =Ml s =(s)
S’ = %(ﬁ),(ﬂ - |‘L>|<‘l’|)

-XXZ interaction in the presence of magnetic field
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j=t1/2,+3/2

j'=1/2,3/2
m;.=+1/2,43/2

Jim &= Z ZE:

Interaction matrix elements, using the form of Bloch functions |IZO>,|IZ>
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(cm Jei(li—l?o)(xi—fm)
1 nsm Ko, Tinpjmy k4 \Uns,my ko, Tinpgemy k4
ey 3, :

i=1/2372 E.,. —Ei +5kup(k) gkln(k) (E,-E))

j=t1/2,43/2
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results in periodical dependence of
interaction on spin-spin distance
similar to RKKY interaction

E.g. in 1D case, assuming BEC initial atomic state with k =0

\]IJn_q _ Kgz dkeik(Xi—Xm) _ Sin(sz (XI — Xm))
Ky X —X

T

kBZ = | latt
at

- wavevectors are counted in the 1st Brillouin zone



1D case

|np,j:3/2,mj =41/2.£3/2)

M3 m,'=0)

Ny=/J,m, =0)

Eatj

Inp, j=1/2,m; =+1/2) LiNa: E, -E;=0.38 cm™i= 22.784
Rb: E55p3/2'E555=22.759 GHZ

AE= Esgpao-Esss-(Er -E,)=-25 MHz

|ns,m; =+1/2)

Atomic optical lattice: V(x)=V,cos?K, X, Vo=-6E,., K;=n/Ly, Lyy=1.5 um
Molecular optical lattice: L,,,,=500 nm, atomic-molecular lattice distance p=400 nm

Atomic Bloch energies and states
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1D Schrodinger equation for Bloch wavefunction:
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2 iV )
JiJn_qz_ Z Z ns,m;.ko, Tinp;m; kb \"ns,my ko, Tinpymy ko

j=12312 Kk AE + g, (K) — &0 (Ko)
m;.=+1/2,+3/2
m _ o \ _ M i (K—Kp) %y
Vns,mj,lzo,a;npj.,mj.,lz,ﬂ =(ns, mj ! ko |<C¥ |m Vint | ﬁ>m | npj" mj" k> o Cns,mj,Eo,a;npj.,mj.,lz,ﬂe
100 - =400 nm
. E_ti1_5“m -sum over 10 lowest Bloch bands
80- erl=500 nm . . . . . .
60- | — AF=25MHz | - periodic sign variation with
/o - - - AE=5 MHz interspin distance similar to RKKY
interaction

- combined with random
occupation of molecular lattice can
lead to spin glass behaviour

- Jim ~ JnAENE,, —E,)~5-10"J;
: highly anisotropic XXZ model

6 8 10



- We analyzed a hybrid system of polar molecules and Rydberg atoms
interacting via charge-dipole interaction. Energies of dressed atom-molecule
states were calculated in a single molecule-single atom system, and a system of
a molecular array+Rydberg superatom

- Energies of dressed states change differently for different molecular rotational
states, which can be used for selective excitation of the atom to a Rydberg state
depending on the rotational state

- Selective excitation of an atom interacting with polar molecule(s) to a Rydberg
state, followed by detection of atomic fluorescence can be used for non-
destructive readout of rotational states in the spirit of quantum logic
spectroscopy

- Rydberg atom-polar molecule interaction can be used to realize indirect
molecular spin interactions with sign periodically varying with interspin distance,
similar to RKKY interaction between magnetic impurities mediated by conduction
electrons
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- direct laser cooling is not possible due to lack of closed transitions (vibrational
transitions do not have strict selection rules)
- molecules are associated from ultracold atoms by
Feshbach resonance+STIRAP
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H.C.Nagerl(Innsbruck):RbCs,KCs

R.Grimm(Innsbruck):RbSr
S.Cornish(Durham,UK):KCs

Jones, et al., RMP 78, 483 (2006)
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-OCHOBHOW CMWH/KYOUT HE MMeeT COCTOSAHUN, NO3BONAIWMX 3P PHEeKTUBHOE
CUYMTbIBAHME, UHULUMANU3AUUIO, OXNaXaeHne

- NUCMOJIb3YyeTCs B3aMMOAeNCTBME OCHOBHOIMO KybuTta ¢ Npo6HbIM KYOUTOM, MMEKLWMM
yAobHble Ang ynpasfeHus onTUYECKUMU NOASIMU COCTOSIHUS

- 3KCNepUMeHTaNbHO NMPOAEMOHCTPUPOBAHO: Y1bTPaxosioaHble NoHbl (KynoHoBckoe
B3ammoaencteue), N-V ueHTpbl (CBEPXTOHKOE B3anMoaencreme)

- NPeasIoXXEeHUA: MOHbI-NONISIPHbIE MOJIEKY bl (3apsaa-AnnoNbHOE B3auMoaencTeme),
aToMHble cMecun (Pnpbeproeckoe B3anMoaencTemne)

COCTOSIHME OCHOBHOIO KybuTa KOrepeHTHO
nepeHoCcuTCcs Ha NPO6HbIN KYOUT UCNob3ys 06LWYyHO
KonebaTenbHyO MOAY MOHOB

(@)s + B0, = (@ lb)s 100, + B)s 1D, )by —
Sy @ ) 10, + B0, )= 10, (@ ) + 81, )

Fig. 2. Partial ®Be* and 27Al* energy level dia-
grams (not to scale). Shown are the relevant
transitions for Doppler and Raman cooling on the
®Be* ion, the spectroscopy transition, and the
difficult-to-reach Doppler cooling transition at
167 nm on the 27Al* ion.

Science 309,
749 (2005)



- UBMEPEHUS C UCMOJIb30BaHMEM NPOBHOro KybmuTta MoryT 6biTb KBaHTOBO Hepa3pywatuwero QND tuna
I:I(t) - FaMUNbTOHUAH CUCTEMbI, BK/THOYAOLWMIA B3aUMoOAeNCcTBME, HEOBX0AMMOE AN U3MEPEHUS
63 - onepartop U3MepaeMoit BeUYMHbI
[|:| (t),és]: 0 - ycnosue QND n3aMepeHusi, NpoLecc N3MEPEHUS HE BO3MYLLAET U3MEPSAEMYIO BEUUNHY

Kputepun QND naMepeHUsa ansa ANCKPETHbIX nepeMeHHbIX (KybuToB):

{| ‘Pi>,L:1,...d} - Habop 6a3nCHbIX COCTOSIHUI CUCTEMBI, d- pa3MEepPHOCTb T.C.Ralph, et. al.,

o, - MaTpuua NJOTHOCTU CUCTEMbI 10 U3MEPEHUS PRA 73, 012113 2006
pii” =(¥, | p|¥,) - pacnpeaenenmne BepoATHOCTEN COCTOSHMIA CUCTEMbI A0 N3MEPEHUS

~1

0 - MaTpuua NJOTHOCTM CUCTEMbI MOC/e U3MEpPEHUS

pi"”t =('V, | o' V.) - pacnpeaeneHve BepoSTHOCTEN COCTOSAHUIA CUCTEMbI MOC/IE U3MEPEHNS
~m
P - MaTpuua NJOTHOCTM U3MEepUTENs Nnocsie U3MepeHus

p" =(¥. | o, |¥,) - pacnpeaeneHne BEpOATHOCTEN COCTOAHMIA M3MEPUTENS NOCIE U3MEPEHUS

1) Koppensauna mexay pesysbTaTaMm U3MepeHUs N HavyaslbHbIM COCTOSAHUEM
2
F, :(Z pii“pimj =1 - TOYHOCTb M3MEPEHMS

2) N3MepeHue He A0/IKHO BO3MYLWaTb n3MepsieMyto cmcrtemy (an1s8 cobCTBEHHbIX COCTOSIHUM
n3MepssemMon BesIMYNHbI)

2
Fono :[Z p" piOUtj —1 - cTteneHb QND
i
3) KOppEJ‘IFILI,MFI Mexay COCToOAHMEM UIMEPUTENA U CUCTEMBI MNMOC/1E NUSMEPEHNA (M3Mepl/ITeJ'Ib
B |¥)= p'd¥N¥

t
Fosp = Z P Py =1 - TOYHOCTb NPUrOTOBEHUSI KBAHTOBOMO COCTOSIHUS
i plf;fit - BEPOSITHOCTb CUCTeMbI nocne usmeperus 6biTb B | V) ecnn usmeputens 8| '¥;)



1)
2)

3)

4)

(x| 0)s + £12)5)|0),, - HauanbHOE CocTosIHME KYBUTOB
a|0)s |0y, + 3| |D,, - CNOT Ha npobHOoM KybuTe

usmepeHue npobHoro ky6uta: |0), c BeposiTHoCTbIO | o |2 - OCHOBHOW KYbuT
npoeumpyetcs B | 0),

|1}, ¢ BepositocTbio | B |7 - ocHoBHOI Ky6uT
npoeumnpyetcs B | 1)<

nocne usmeperuss  p'=la [7|0):(0|+| B | Q|
p" =[]0y, 0] +| B D, <Ll

pin — pout: pm :ﬂa|2,|ﬂ|2}
FM :L f iin pimj =1 FQND:(Z piin pioutJ 1

Fosp = Z P p|(i)>L|Jit =1

i=1,2



