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CNOT Gate



H3L

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

2Ln(NO3)3·xH2O +  3H3L  +  6py 

(pyH)[Ln2(HL)3(NO3)(py)(H2O)] + (2x-1)H2O + 5(pyH)NO3

LuDy Er TmTbGdEuSmPmNdPrCeLa Ho Yb

Molecular Prototypes for Spin-Based 
CNOT and SWAP Quantum Gates

Phys. Rev. Lett. 2011, 107, 117203.



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 

Chem., Eur. J. 2013, 19,
5881–5891

Ln1Ln1

H3L

Ln2 =

Ln1 =

LnLn’ cluster à la carte ?

Many Possible Qugate Designs!!



· X-Ray diffraction
· Mass Spectrometry
· Metal Analysis
· Magnetic susceptibility

N OH

OOOOH

Ln(NO3)3
+ Ln’(NO3)3
in pyridine

+

(pyH)[Ln1Ln2(HL)3(NO3)(py)(H2O)]

r(Ln1) < r(Ln2)

J. Am. Chem. Soc. 2014, 136, 14215
Chem., Eur. J. 2017, 23, 5117
Inorg. Chem. 2018, 57, 8429

Ln1 Ln2
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[PrSm]

[LaCe]

Chem., Eur. J. 2017, 23, 5117-5125



A Full 
Heteropmetallic

Series with 
Praseodimium

Inorg. Chem. 2018, 57, 8429

[PrLa] [PrCe] [PrPr] [NdPr] [SmPr]
[EuPr]

[DyPr]

[HoPr][ErPr][TmPr][YbPr]

[GdPr]

[TbPr]

[LuPr]

Inorg. Chem.
2018, 57, 8429



Chem., Eur. J. 2021, 27, 7288 –7299

Ce(III):
J=5/2, gJ=6/7,
I = 0

Er(III):
J=15/2, gJ=6/5,
I=0 (70%)

NO Nuclear
Spin

Only 23% 
Nuclear

Spin

-Possible Long Coherence
-Both have a ground state doublet
-Very different(pyH)[CeEr(H2L)3(NO3)(py)2]



r(Er) < r(La) r(Y) < r(Ce)

(pyH)[LaEr(H2L)3(NO3)(py)2] (pyH)[CeY(H2L)3(NO3)(py)2]

r(Er) < r(La) r(Y) < r(Ce)

(pyH)[LaEr(H2L)3(NO3)(py)2] (pyH)[CeY(H2L)3(NO3)(py)2]



r(Er) < r(La) r(Y) < r(Ce)

(pyH)[LaEr(H2L)3(NO3)(py)2] (pyH)[CeY(H2L)3(NO3)(py)2]

Magnetic Susceptibility

Δ/kB = 43 K

Well Isolated
Ground State



Magnetic Susceptibility

Well Isolated
Ground State

Δ/kB = 230 K

X Band EPR; T  7 K 
[LaEr] [CeY]

gx = 1.80, gy = 3.70, gz = 10.00 gx = 1.00, gy = 1.75,
gz = 2.67

Magnetically Inequivalent



Magnetic Susceptibility Powder EPR; T  7 K 

Qubits Weakly
Interacting

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

CNOT
Qugate

470 
mT

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

Echo Detected Spectrum, 5K Decay of the CNOT 
Spin-Echo, 5K

T2 = 410 ns

Hahn Echo 
Sequence

H2L1 H2L2

[Ln2Ln’(L1)2(L2)2(H2O)2(py)](NO3)

+

Ln’

Ln

Ln

Ln’

Ln’

Ln’

Ln’

Ln

LnLn

Ln

Ln

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



[ErLaEr(L2)2(L3)2]+[YbCeYb]
[ErCeEr]
[HoCeHo]

Chem., Eur. J. 2019, 25, 15228
Chem. Sci., 2020, 11, 10337
Chem. Sci., 2022, 13, 5574

[LuCeLu]
[ErLaEr]
[ErNdEr]
[YbNdYb]
[ErPrEr]
[YbLaYb]
[YbPrYb]
[LuPrLu]
[LuNdLu]
[DyCeDy]

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



Inorg. Chem. 2023, 62, 3106-3115

𝐻 𝜇 ∑ 𝑺𝑖 𝒈𝑖 𝑩 𝑺𝐸𝑟1 𝑱𝐸𝑟1𝐶𝑒 𝑺𝐶𝑒  𝑺𝐶𝑒 𝑱𝐶𝑒𝐸𝑟2 𝑺𝐸𝑟2  𝑺𝐸𝑟1 𝑱𝐸𝑟1𝐸𝑟2 𝑺𝐸𝑟2

Chem. Sci., 2020, 11, 10337

[ErCeEr] Er(III); 4I15/2; L = 6, S = 3/2, J = 15/2
Ce(III); 2F5/2; L = 3, S = 1/2, J = 5/2



[ErCeEr]

[LuCeLu]

Qugate

Qubit
Ancillae

[ErLaEr]

Er = Ancillae
Ce = Qubit

Chem. Sci., 2020, 11, 10337

Qubit

[LuCeLu]

[ErLaEr]

Ancillae

Chem. Sci., 2020, 11, 10337



[ErCeEr]

Specific Heat

Qubit and Ancillae
Interact; Jex/kB  = 0.23 K

Chem. Sci., 2020, 11, 10337

Chem. Sci., 2020, 11, 10337



[ErPrEr] Er(III); 4I15/2; L = 6, S = 3/2, J = 15/2
Pr(III); 3H4; L = 5, S = 1, J = 4

Chem. Sci., 2022, 13, 5574

Hahn Echo Sequence Inversion Recovery

T1 = 70-300 s

Chem. Sci., 2022, 13, 5574



Transient Nutation

B = 330 mT

Chem. Sci., 2022, 13, 5574

CNOT Toffoli
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Chem. Sci., 2020, 11, 10337

S. Carretta
(U. Parma)

A

A

B

A B= Ancilla = Qubit



Chem. Sci., 2020, 11, 10337

Luis, Carretta, Piligkos et al. Communications Physics 2022, 5
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([PrErPr]+H+)2+

([YbNdYb]+H+)2+

([YbNdYb]+Na+)2+

([PrErPr]+Na+)2+



3] Heterometallic [LnLn’Ln] complexes provide possible realizations of 3-
Qubit Qugates.
-A Quantum Error Protection Device

2] Heterometallic [LnLn’] complexes are a versatile plataform for a wide
number of 2-Qubit Qugate designs.
- A C-NOT and SWAP Qugate presented

1] Ligand Design Provides Entry into Heterometallic Ln complexes
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