
Density functional theory and quantum embedding studies of Er3+ in WS2

aDepartment of Physics, City College of the City University of New York, New York, NY 10031, USA; bDepartment of Chemistry, Lehman College of the City University of New York, Bronx, NY 10468, USA; 
cThe Graduate Center of the City University of New York, New York, NY 10016, USA; dCenter for Computational Quantum Physics, Flatiron Institute, New York, NY 10010, USA; 

eDepartment of Physics and Astronomy, Stony Brook University, Stony Brook, New York 11794, USA

Gabriel I. López-Morales,a,b,c Alexander Hampel,d Vinod M. Menon,a,c Gustavo E. López,b,c Cyrus Dreyer,d,e Johannes Flick,d Carlos A. Meriles,a,c

References

Spin-qubitMaterials platforms for 
integrated quantum and
nanoscale applications
(telecom wavelengths)

Rare-earth (RE) ions
(protected f states): Er3+

2D VdW semiconductors
(TMDs): WS2 (IN ~ 0)

+

Er-doped WS2 (ErW defect)

Properties:
Atomic structure,
charge stabilities

+
optoelectronics

(qualitative)
(                 )Challenges:

Strong correlations
Screening effects

Many-body (MB) interactions
Multireferences states

Near-degeneracies

Density functional 
theory (DFT)

Linear response 
(Casida)

Quantitative 
properties

Recalculate parameters, construct Heff 
final (active space) for full-defect case

Quantum embedding,
constrained random-

phase approx. (cRPA),
Wannierization (defect states)

Isolated Er3+

Heff 
init 

(active space)

Full
configuration-

interaction (FCI)

Quantum 
chemistry

Abstract

Heff 
final

(active space)

Multireference 
states, excitations

(quantitative)

Quantum embedding,
constrained random-

phase approx. (cRPA),
Wannierization (defect states)

Isolated Er3+

MethodsDFT calculations

Wannier90
cRPA

Single Er3+

VASP (same as Er:WS2)
non-magnetic SCF

Non-collinear 
SCF (SOC)

Quantum embedding

Screened Coulomb 
matrix Uijkl

Hwan (active space)

Wannier90
cRPA

Heff (active space) FCI
(TRIQS)

MB states,
MRCs,

excitations

Bands,
DOS,
εii(ω)

7x7x1 WS2 (~20 Å vacuum in z)
1 W → 1 Er (defect) = Er:WS2

VASP 
 PBE, PW basis: 700 eV, BZ: Γ-point

Optimized atomic structure

Non-collinear SCF (SOC) 

Bands, DOS,
charge stabilities,

εii(ω), fij εii(ω), fij

Casida
Single Er3+

Benchmarking

CASSCF

Single Er3+
Quantum chemistry

FCI

MB states,

BAGEL
(ano-rcc, ROHF)

excitations, orbitals

(or known system)

Improve
Heff (active space)

Motivation

3000

9000

15000

21000

En
er

gy
 (c

m
-1
)

4I9/2

4I11/2

4F9/2

4F7/2

4I13/2

4I15/2

4S3/2

2H11/2

52
6 

nm 54
8 

nm
66

0 
nm 86

0 
nm

15
50

 n
m

Erbium (Er3+)RE ions:
► Protected 4f states
► Spin-selective transitions
► Long coherences, narrow 
linewidths
► Transitions insensitive to 
host
► Access to nuclear memories

Transition metal dichalcogenides 
(TMDs):
► Accessible as 2D (monolayer)
► Wide bandgap (visible, near-infrared)
► Easily integrated with photonics
► Large in-plane lattice constant
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Er3+:
► Transition within telecom 
band
► ms-long electron-spin
coherence
WS2:
► Bandgap ~2.1 eV
► IN ~ 0 → HHF ~ 0

Hypothesis (Er:WS2:
4I13/2 ↔ 4I15/2 within WS2
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Summary / Outlook
► Excitation energies for Er3+ in good agreement with experiment from FCI via Heff 

► Heff 
 could be further improve by explicit inclusion of SOC terms (not from Uijkl)

► Methods to be extended for the full Er:WS2 case to calculate excitation energies; MB states
► Quantum embedding may offer a promising description of RE impurities in semiconductors
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Results (ongoing work)
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Figure 1. Summarized DFT results for Er3+, ErW and VW in WS2. TOP: (a) atomic structure for ErW
–, (b) charge-state transition energies for ErW, band structure 

(c) without SOC, (d) including SOC, (e) including SOC within DFT+U (U = 2.5 eV). BOTTOM: (a) charge density of relevant defect states (as labeled),
absorption spectra at two levels of approximation for (b) ErW

–, (c) VW
–, transition dipole moment and oscillator strengths for (d) isolated Er3+, (e) VW

–, (f) ErW
–.

Figure 2. Embedding/quantum chemistry results for Er3+. LEFT: (spinless) 
orbitals contained within active space, as obtained from W90 within VASP. 
Excitation energies and multireference character of MB states obatained 
from Heff  through FCI. RIGHT: orbitals and MB occupations in the active 
space from constrained active space self-consistent field (CASSCF) and 
excitation energies via FCI, both within BAGEL.


