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Lanthanides for Spin-based Quantum Computing

Spin as Qubit CNOT Gate
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How Could we build a CNOT with Rare Earths?

*Two Inequivalent Ln’s
‘Weakly Coupled
*Axially Anisotropic




Large Homometallic Series

2Ln(NO,);xH,0 + 3H,L + 6py ———>

(PYH)[Ln,(HL)3(NO3)(py)(H,0)] + (2x-1)H,0 + 5(pyH)NO,

Inorg. Chem. 2011, 49, 6784
Chem. Eur. J. 2013, 19, 5881

Molecular Prototypes for Spin-Based
CNOT and SWAP Quantum Gates

Phys. Rev. Lett. 2011, 107, 117203.
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1) Bond distances for both sites decrease throughout the series
2) Site 2 is systematically larger than site 1
3) Distance GAP between both sites is maintained




Why is Site 2 larger than Site 1?

Synthesis of Heterometallic 4f-4f Clusters

LnLn’ cluster a la carte?

Many Possible Qugate Designsl!!




Heterometallic [LnLn'] Complexes

OHO O o

Ln(NO,), —)
+ Ln'(NO;),
in pyridine

(PyH)[Ln1LN2(HL)3(NO3)(py)(H,O)]

J. Am. Chem. Soc. 2014, 136, 14215
Chem., Eur. J. 2017, 23, 5117

Inorg. Chem. 2018, 57, 8429
Commun. Chem., 2020, 3, 176
Chem., Eur. J. 2021, 27, 7288 —7299

F(Ln1) < F(Ln2)

- X-Ray diffraction

- Mass Spectrometry

- Metal Analysis

- Magnetic susceptibility

A Spin Based Quantum Gate with [CeEr]?

(L .. Y

(PyH)[CeEr(H,L)3(NO3)(py).]

Ce(llN): NO Nuclear
J=5/2, g,=6/7, Spin
I1=0

Er(lll): .
J=15/2, g,=6/5, Only 23%
1=0 (70%) Nuclear

Spin

-Possible Long Coherence
-Both have a ground state doublet
-Very different




Characterization of Individual Qubits

I'en < rlLa)

Fev) < F(ce)

(pyH)[LaEr(H,L)3(NO;)(py).l (pyH)[CeY (H,L);(NO3)(py).]

Qubits Characterization; [LaEr]

Magnetic Susceptibility
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Qubit Characterization; [CeY]

Magnetic Susceptibility
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Qubit Characterization; [LaEr] vs [CeY]
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Inter-Qubit Coupling within [CeEr]

Magnetic Susceptibility Powder EPR; T<7 K
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Realization of 2-Qubit Quantum Gates

CNOT

J. Am. Chem. Soc. 2014, 136, 14215




Quantum Coherence
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J. Am. Chem. Soc. 2014, 136, 14215

Heterometallic [LnLn'Ln] Complexes

0O

Chem., Eur. J. 2019, 25, 15228




Pure Heterometallic LnLn’Ln clusters

[LuCeLu] [LuNdLu]

[ErLaEr] [DyCeDy] [ErLaEr(L2),(L3),]* pad t
[ErNdEr] [DyLaDy] 04317
[YbNdYb] [YbCeYb] i

[ErPrEr] [ErCeEr]
[YbLaYb] [HoCeHo]
[YbPrYb] [LulLalul]
[LuPrLu]

Chem., Eur. J. 2019, 25, 15228
Chem. Sci. 2020, 11, 10337 ; .

Chem. Sci. 2022, 13, 5574 y T T T . T
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A Three Qubit Quantum Gate
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Qubit Characterization

Qugate Er = Ancillae

Ce = Qubit

Chem. Sci, 2020, 77,10337

Qubit and Ancillae Characterization
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Specific Heat

Qubit - Ancillae Interaction
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Energy of the Computational Basis

cNOT ccNOT

1000)
1010)

1001)
1100)
1011)
1110)

1101)
1111)

0 0.5 1

Chem. Sci,, 2020, 77,10337




A Qubit with Embedded Error Correction

S. Carretta
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Intramolecular Nd-to-Yb Energy Transfer
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Selective Ln Composition
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Emission from Yb3* in [YbLaYb] (A,,. = 400nm)
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Emission from Yb3* and Nd** in ?cZaé (Aexc = 400nm)
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Normalised Logarithmic Intensity

Excited state decay of
[YbLaYb], [LuNdLu] and [YbNdYb]
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Inorg. Chem. 2023, 62, 3106-3115

CONCLUSIONS

11 Ligand Design Provides Entry into Heterometallic Ln
complexes

2] Heterometallic [LnLn’] complexes are a versatile
plataform for a wide number of 2-Qubit Qugate designs.
- ACNOT and SWAP Qugate presented

3] Heterometallic [LnLn’Ln] complexes provide a platform
to realize 3D Qugates and to demonstrate Nd-to-2Yb
intramolecular ET within pure molecules.
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