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ANISOTROPIC LIGAND POLARIZABILITY CONTRIBUTIONS
TO LANTHANIDE 4f 4f INTENSITY PARAME‘I‘ERS o

Mlclmel F. REID and Fredenck S. RICHARDSON .
Deparmwm of O:emtsrry University of I'Imz‘nh Charlortesvolle, I"irgfn&: .?290! USA

Rer:ewed 18 October 198" in final i‘orm 16 Deccmbcr 1982 _ . ] . _
: CHEMICAL PHYSICS LETTERS : B | - 18 March 1983

 The A,»p:(r. A) parameterization scheme of the Judd Ofelt 41— 41 mtn..nsu} mo-jel is shown 1o be madcqu'uc tor re-
presenting effects due to opncuI!} anisotropic ligand dipolar polarizations. “Extra™ intensity parameters are needed when
the lanthanide - ligand pairwise interactions are not cylindrically symmetric. Selection rules regarding these “‘extra™ param-
cters are derived. and their possible significance to the hypersensitivity phenomenon is discussed. =

Excited-State Chiral Discrimination Observed by
Time-Resolved Circularly Polarized Luminescence
Measurements

David H. Metcalf,*' Seth W. Snyder,! Shuguang Wu,$
Gary L. Hilmes,} James P. Riehl,} J. N. Demas, and J. Am. Chem. Soc. 1989, 111, 3082-3083
F. S. Richardson*! o e



Sergey Feofilov

Georges Boulon

Alexander Kaplyanskii.
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Interactions with Duan (2004) and Ma (2007)
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Christchurch,
New Zealand

Art. LIX.—Magnetization of Irom by High-frequency Dis-
\ . charges.

By E. RuraERFORD, M.A.

[Read before the Philosophical Institute of Canterbury, 7th November,
1894.]
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Mike Reid and Jon-Paul Wells: Our Motivation

* Develop fundamental knowledge relevant to practical applications of
rare earths (lanthanides) in nano-particle imaging and quantum-
information.

* Detailed understanding of spectroscopy, dynamics, electronic structure.

* Jon Wells also leads a project on ring-laser gyroscope development.

UNIVERSITY OF
CANTERBURY Te WHai Ao

Te Whare Wananga o Waitaha DODD_WALLS CENTRE

CHRISTCHURCH NEW ZEALAND for Photonic and Quantum Technologies
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https://www.otago.ac.nz/dodd-walls/index.html

Jack Dodd

Theory of Modulation of Light in a

Double Resonance Experiment
J. N. Dodd and G. W. Series
Proceedings of the Royal Society of London.

Series A, Mathematical and Physical Sciences
Vol. 263, 353 (1961)

Te WHAI Ao
Dobpb-WALLSs CENTRE

for Photonic and Quantum Technologies
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Dan Walls
Pt i |

Generation of squeezed states
via degenerate four-wave
mixing

M. D. Reid and D. F. Walls

Phys. Rev. A 31, 1622 (1985)


https://www.otago.ac.nz/dodd-walls/index.html

B. G. Wybourne

Brian Judd (1930-2023) George Ofelt (1937-2014) Brian Wybourne (1935-2003)
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Optical and Magnetic Properties
of some Transition lon
Complexes. PhD 1963

k.M., HMaclarliane
Fhysicas Department

Universlity of Canterbury.
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SUB-KILOHERTZ OPTICAL LINEWIDTHS OF THE "F <> 5Dy TRANSITION IN Y,04:Eu?*

R.M. MACFARLANE and RM. SHELBY
IBM Research Laboratory, San Jose, CA 95193, USA

Received 17 June 1981

Homogeneous optical linewidths as small as 760 Hz (fwhm) have been observed in Y,0, :En®* using delayed heterodyne
photon echoes. Hyperfine and lifetime contributions to dephasing are estimated to contribute < 300 Hz to this width, and
the remainder is attributed to quasi-resonant energy transfer.
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Lanthanide (Rare Earth) 3+ ground state: 5s2 5p® 4fN 5d°

T
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o

T

0.0 05 10 15 20 25 30 35
r(A)
4f orbitals are shielded from environment.
Sharp lines, long lifetimes.
S=1/2, L=3 — 14 states, 4fN, N=1-14
Many transitions available for applications.
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ENERGY LEVELS OF THE +3 LANTHANIDES IN LaF,

“Dieke Diagram” 1960s - = m———
5. — BE == =
Carnall, Goodman, o = l = =
Rajnak, Rana, 1988 = l — . —
ey — — = ..
4f: S=1/2, L=3, — 14 states = = . m = == =
4fN: N=1-14 - e m==__ =
20,000 cm-! EmER.=E==
Eus*, 4f6 500 nm == . E==
3003 electronic states : i = EEe———
25eV 3 __=EaS Fm=_
—\ = E : : g S ‘o, — et 'G_‘
— . __ W = T —ie=
- = e omm o L e
. Freeion Crystal Field Hyperfine/Magnetic ’::/z ’P“: ‘:: :: ‘::zi (';: "'T; ‘Hn::/z ’HIZ ‘::/z ’T:: ’::,




Modelling the 4fN structure of rare-earth doped crystals

_ _ k (k)
H = Hpy + Hep + Hy + Hyp Hep = E BEC,
Freelon  Crystal Field Zeeman Hyperfine C, symmetry - 27 crystal-field parameters
mg =+ 1/2
L+ 12T + 1) Zeeman
HZ = Ug B e (L + ZS) g ’ AE = Erqp2-E412
@D Magnetic field can be o
L AT emt 21+ 1) experimentally varied.
S ——il. et prnnsl s Im— By=0 By#0 Magnetic Field
:» . e, LIRS -ﬁ—l"""!:::::::
T — el |~ 102 cm? 10 o
A - = . Bo
Hyperfine x
~10*cm! HHF =ANI+Q HQ coa BN
A and Q are parameters - ()
= . Eu3* 7F, and °D,, : electronic effects are small so
Central-field Coulomb Spin-orbit Crystal-field Hyperfine

Direct interaction of nucleus with magnetic field
and lattice are important.
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Understanding the energy levels: 4™
J M

SL
a 11§ —~
IS o S
Coulg'mb pin-orbit “Crystal-field”
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Parameter trends across the lanthanide series.

C-K Duan and P A Tanner, J. Phys. Chem. A, 2010, 114, pp 6055-6062
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Angular momentum states and tensor operators

. 2 72 2 2

T, ) =id., =TT
Rather than classifying J.im) = -m|jm>
states by eigenvalues 9 -
and J jﬂl) — ‘jm
operators by commutators, D(R)im) = D(J} m
it is helpful to classify both ( ) J ) Z m’ m } J
in terms of

behaviour under rotations.

., TP] = qT\®
D(R) T D(R)t = DS (R

H

This is easier to relate to
group representation
theory.

Classification: Public



Wigner-Eckart theorem

J kJ

VTR [ TIAAN _ ( 1\J—M
(aJ M|T;" |’ M) = (—1) (_fn_,f g M

) (aJ||T®||a’ J".

(e M|TM ' J' M) = (J' M’ kq|J M) (o, J||TW|| e, )

|
v2.J +1

Key idea; Matrix element = 3j symbol or Clebsch-Gordan coefficient x Reduced matrix element
“geometry” “physics”

Selectionrules: M +g=Mand |J-J|<k<J+J.

The easiest proof is to recall that operators transform as kets. We can therefore couple
the operator and ket (up to a possible normalization):




Spherical Tensors: Potentials

‘.f — |
m) Hm CDSH) ime

=B

[+ m!)

Gy (F) = C;9(6,9) = \/ T Yi(6,9)

0 z/r
£1 /At iy)/r

cos ¢/

$1/% sin f e**¢

1
1
2
2
2

0 ‘/;( 322 —r?)/r?

+1 :F\/gz(m +iy) /r? ZF\/gmsﬁ?sint?ei"@"

£2 /3@ +iy)*/r?

‘/2(3 cos?f) — 1)
\/gsin2 g e=2¢




. . . E q Cék} (2,9, ,z)L
Electric and Magnetic Dipoles 0 !
1 0 z/r
_er — —erC) 121 Fy/iexiy)/r
1 ; 2 0 \/E(B:/r2 —r%)/r?
r=r E (_OP) T CEIE) ; y=r ﬁ (C{” + 0311)) ~,. Z= Tcéll)' 2 +1 Fy/2z2(xtiy)/r?
X y 5 2 £2 [Yaxiy?/r?
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Crystal Field Potential — Quantum Mechanical!

k

CP(z,y,2) c(6, )

] ]

;'2!! -+ 1 \/ lDim CDS 6}) g

+ <
—

1
cos

z/r
r\Aatiy)/r  T\[ismge

0
1
1
2 0 2(322
47 \/;
k) k
cgm:cp(e,@:\/%anw,@) 2

—r2)/r? \/{ (3cos2f — 1)
+1 Fy/3z2(z £iy)/r? q:\/gms{?sinf?eﬂ@&

+2 [(m:l:zy) /r? \/Esm 6 e=2¢

z 4 5 Z
*+ * “

C2,(r) C2,(r) - C2(r) czz(r) +C2,(r)

Classification: Public

Hop = z BEcl

Note: Potential is real.
Phases of parameters
determine orientation,

e.g. €19



Coulomb interaction and crystal field: Addition theorem

1 = 7k
— = Z < Py(cosw) cCcOS w: -1..1
r 12 0 it
/| = " . o
— k Drif..“C( )( )-C{ }(I.z)
i k
T
r, SDIECS SENBERIRE
k= q=—k
: Legendre Polynomials g’ ‘ Cék}(?“)
Key idea: orthogonal: -1..1 1 0 2/
1/r, is a function kP 141 ;{sz)/r
of r,andr, 1 2 0 /132
1 i 2 +1 :|:\/§z($j:zy)/r2
2 (322 —1)/2 5 S+
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Addition Theorem - Example

Legendre Polynomials
orthogonal: -1..1

1/r12 =1/3  cosw = cosm = -1
k P,
0 1
1 T
= CDSW
; i“»“ 2 (322 —1)/2
1{] 11 2

- Z < Z € (i) O (i) (-1)"

19 11 12 1 1
= gxlxl—l—ﬁx{—kl) { 1)+§><(( 1(3—1)))(( 1(3—1)))—’—.

1 1

1
3 18"
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Coulomb Interaction

k
T
i ) Z O (1) 0% ) (1.

EVEI

HCﬂulomb — ZZ ;ﬁ_l_l C{k] C(E}(f )]

4?1'5,3 il

EVEI

— Z:F‘Iﬁ ZC (r;) C“‘g} (r;)

1<j
EVEI

= ) F*fe
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Two-centre addition theorem:
Ligand polarization(dynamic coupling) and energy transfer

Ligand lonic transitions hypersensitive to environment

f electron B. R. Judd
electron

Physics Department, The Johns Hopkins University, Baltimore, Maryland 21218
{Received 5 February 1979)

¥ih= Z»r,r, RN (224 2601 /(2D 1 (26)1 /2

by g o == ==
x( 1)‘(C[”C:},’){h”‘(_:ih“ .

Interaction between f electron and Ligand electron

Key idea:
. . Energy transfer
is a function , S , ,
In this case there is an interaction between f electrons on two ions.
of r_j' Firr and RL' Dipole-dipole is I=t=1, so we have 1/R3. Square gives 1/R°.

Exchange mteractlon glves a different distance dependence.

|||||||||||||||||||



Z Electrostatic Crystal Field = - £#ne

2 1 = i z%lc(k)(fl)'c(k)(f2)
€ k=0 1>
V. = “YCF) (6., de C™ 0., 61)(~1) _—
47e, kzq<r > q ( :{zﬁ )TE—'_I 'I;'( L @L)( ) _ ;% ;koék)(r )C{?(rg)(—l)q
r r e kL Ak a| 1)
L\ = 3 |5 O O, ) (1) (O 0, 60)]
kq
— Y Bop
® )
1
re Co) = /7322 =)/ =1, "
r, = 3A=3x10"""m,
(r)y = 02A=02x10""m? C%,(r)
e2 1 (1.6 x 10719)? 0.2 x 10720
B2 = x —C2(0.0)(—1)° = —1.7x 10727,
O dmey 3 Y (0,0)(=1) A7 x 8.85 x 10-12 (3 x 10-10)3

We can convert to eV by dividing by 1.6 x 107* C, and multiply by 8066 to convert to cm™*.
So B3 is 0.11eV, or 860 cm™.
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" ] ” k (k) Do the “'Ligand Field"
CryStal F|€|d B qu Parameters in Lanthanides
q Represent Weak Covalent
Bonding?
C.K. Jorgensen, R.
Pappalardo, H.H. Schmidtke
J. Chem. Phys. 1963

[Diagrams use p orbitals for simplicity.]

Electrostatic =~ QOverlap Covalency

All increase energy of z orbital more than x,y

Orbital energies or Hamiltonian matrix <> crystal-field parameters

Classification: Public



Do the 'Ligand Field" Parameters in Lanthanides

Represent Weak Covalent Bonding?
C.K. Jorgensen, R. Pappalardo, H.H. Schmidtke, J. Chem. Phys. 1963

Abstract: Instead of explaining the seven different f-orbital energies

or five different d-orbital energies by parameters A__ (r_) of the
electrostatic ligand field model, we propose to classify the energy

levels according to the actual one-electron energies and to interpret I

these quantities by the weak effects of o antibonding on the partly ‘_'

filled shell. Calculations of the relative angular dependence of such ] ,_@
effects are made in a simple model and compared with /I L
experimental data for nine- and eight-coordinated lanthanide _?_
compounds The agreement is judged to be much more satisfactory

than when the electrostatic model is applied, and the number of Covalency
freely chosen parameters is much smaller.



* Rotations and the Superposmon I\/Iodel

k e’k
Electrostatic model:  Bf — —(r }Z

Rotation matrix is related
to the spherical tensors:

Rotate from Z and change
the distance to build up CF
) in terms of single ligand CF
(“intrinsic parameters”):

Table A.1. The Wigner rotation matrices Dfn;,m(a, B,7)-

Key idea: Crystal-field parameters are a product of
single-ligand interaction (“intrinsic parameters”)
and geometry (distances and angles).

m -1

1 }l;sﬁeﬁt(a )
0 —-% sin Be'”

-1 li,cz_oié etlet)

k CP(z,y, 2) c(0,¢)




Relating ab-initio (first principles) calculations
to crystal-field calculations

* Modern quantum-chemistry calculations for rare-earth
materials:

DFT calculation using VASP.

4f energies (without spin-orbit) using AIMP embedded cluster
approach

[Seijo et al J. Chem. Phys. 114, 118 (2001).]
SA-CASSCEF calculation using MOLCAS.

 Use calculations for Ce3* to estimate parameters for the
series.

For high symmetry we can just fit the energy levels of the ab-initio
calculation.

Not possible in low symmetries such as D, (YAG), C, (YSO)
Need to relate the matrices.

Project the Hamiltonian into the model space.
2(9Hurtubise and Freed, Adv. Chem. Phys. 83, 465, 1993).

Classification: Public

Springer Series in Materials Science

Zoila Barandiaran
Jonas Joos
Luis Seijo

Luminescent

Materials

A Quantum Chemical Approach
for Computer-Aided Discovery and
Design

@ Springer




Relate H_«to full H
H \Y \%

b

X
X X X X
X X X X

X

b
X X X X
X X X X
X X X X
X X X X

E
|FD i v e

Use a subset of energies and eigenvectors from ab-initio calculation:

H

e = Vo Eg VT (non-Hermitian) [‘p’ is the small, ‘projected’ matrix]

V, = (Vp Vp*)¥2Vp (orthonormal)
Hy =V, Ep V.1 (Hermitian)

Can Solve: Hye = 2,P,T, for parameters P,

Reid MF., Duan CK. and Zhou HW. (2009) Crystal-field parameters from ab initio

calculations. Journal of Alloys and Compounds 488: 591-594.
30
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Alternative approach

The above approach can be hard to implement if there is more
than one f electron as it is hard to work out the quantum
numbers.

An alternative is use ab-initio calculations of expectation values
of angular momentum operators (J, J, J, etc) and use those to
determine the quantum numbers.

Nicholas Chilton’s group use this approach:
Gould et al., Science, 2022, 375, 198 (supplementary material)

Classification: Public



Example: LiYF4:Ce3+ J. Phys. Chem. C 2012, 116, 20513—20521

A Theoretical Study on the Structural and Energy Spectral Properties

of Ce>* lons Doped in Various Fluoride Compounds

Jun ”‘v’w'en;r Lixin I‘\Iingfc Chang-Kui DU&’[HJ*'T Yonghu (:]IEHJT Yongtan Zhang,§ and Min Yin'

DFT calculation using VASP.

4f energies (without spin-orbit) using AIMP
embedded cluster approach

[Seijo et al J. Chem. Phys. 114, 118 (2001).]
SA-CASSCEF calculation using MOLCAS.

LiYF,
CF CF+SO  exptl”
0 0 0 (4f from Pr3*)
196 i Parameter Experiment Theory
4f 1 ;zi zjﬂ B2 (4f) 481 310
Bi(4f) —1150 —1104
S04 2235 B (4f) —1228 —1418
504 2409 BS(4f) —89 —70
1321 3016 BS(4f) —1213  —1140 + 237i
32389 33378 33433 Bj(5d) 4673 4312
40274 41142 41101 B§(5d) —18649 —18862
48640 49404 48564  Bi(5d) —23871 —23871
48640 50144 50499
52213 53520 52790

32 44431 45518 45277

Classi
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Temperature dependent infrared absorption, crystal-field and intensity analysis of SEbaStlaﬂqH orvat , -
Ce*t doped LiYF, =

Jon-Paul R. Wells®P-* S, P. Horvath®, Michael F. Reid®*©

Optical Materials, 47, 33 (2015)

Table 1:  Experimental, fitted, and ab-initio [21] energy levels Table 2: Fitted and ab-initio [21] spin-orbit and 5S4 symmetry

(em~14+0.1), ground state g-values for Ce?* in LiYFy. crystal-field parameters (em—1) for Ce?+ in LiYFy.
State  Experiment Fitted Ab-initio Parameter Fitted Ab-initio
Zl’]"';—,g 0.0 1.5 0 C 626‘ -
Zo7s.6 216 213.8 247 5 .
L3778 - 4144 481 BE}] 208 310
Y1756 2216.1 2215.5 2214 Bj -1328 -1104
Yoyr,s 2312.8 2312.1 2255 B; -1282 -1418
Y956 2498.8  2430.1 2409 BE 109 20
Yiyr,s 3157.8  3158.6 3016 6 1 11,

2765  2.751 By 1743 1140
" BS 693 237
g1 1473 1.514 1

Note use of magnetic splittings in crystal-field fit. We now expand on this idea.
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z  CF calculations with magnetic splittings

_ , | Ro\ ™
BY = By(Ro) 3 O (61, 61) (—1)° (R—)
L

r
L _
y Consider the *F;, multiplet of Nd3*. m=13/2
We only need B in this case.
t 75.6 cm™
E.g. Single ligand on Z, B2, = 500 cm?
° m=+1/2
botential But there are many sets of parameters that would
give the same splitting. . a2
0 1
0 2/r

We can use maﬁnetic splittings to determine the
e potential...

orientation of t 11 ﬂﬁ(mﬂy)/_r
2

0 \/%(322 —r?)/r?
+1 :F\/gz(m + iy) /r?
+2 /3@ +iy)/r?

SR (o N N e i =

f orbitals:




CF calculations with magnetic splittings

Single ligand on Z, BZ, = 500 cm! m=13/2

Calculate magnetic splitting of upper state: B=4T n
y t 75.6 cm’

X 2 0 \/g(:}:f —7r%)/r? m=-|_-1/2

e ZX plane
L
] . .92 o 2
2 +1 :F\/;z(m + 1y) /r 5
3 . N2 /.2 @ 1]
2 42 (x +iy)?/r o
: o Magnetic Splittin
= 0 45 90 135 180 225 270 315 360 g p g
E Angle from Z (degrees)
Potential IE XY plane
221
9
g 0 T T T T T T T T T
= 0 45 90 135 180 225 270 315 360
E Angle from X (degrees)
IE YZ plane
L
227
v
g 0 1 T T T T T T T T
=) 0 45 90 135 180 225 270 315 360
=

Classitication: Public



, Change orientation!

Single ligand on X, B%, =-250 cm™ B2, =+306 cm!  m=mixture
Calculate magnetic splitting of upper state: B=4T
y t 75.6 cm

T
£ ZX plane _ .
5 0 \/g(gzz__rg)/_rg S m=mixture
3 : 2 2 i
2 +1 :F\/;z(mj:zy)/r &1
- EO T T T T T T T T T
2 2 \/g(:nizy)z/-rz = 0 45 0 135 180 225 270 315 360 . ..
: Angle from Z (degrees) Magnetic Splitting
lE XY plane
Potential g% i
= 0 45 90 135 180 225 270 315 360
E Angle from X (degrees)
'S YZ plane
= 0 45 90 135 180 225 270 315 360
= Angle from Y (degrees)
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Transition Intensities

* Electric Dipole, Magnetic Dipole, ...

* ED between 4fN and 4fN-15d can be calculated directly
e But require modelling of vibronic bands.

* ED within 4fN are parity forbidden.

* “Forced electric dipole” transitions.

e Construct Effective electric dipole operator that accounts for
mixing of configurations of opposite parity on ion or ligand.

* First detailed treatment: Judd, Ofelt, 1962.

Classification: Public



Effective Electric Dipole Operator B

Degg = DM + DV Y~

BY(BIV V0B {(p
18)(B s B) (B

©) ©)
sem Eo—Eg” oy Bo — Ej

If all denominators are the same then the

sum over |3)(f3|is 1. Couple the operators:

(A 1Y 7 )
1Y =" DMVIO(1q.tpAl)
q.t.p

Our parametrization. A=2,4,6, t=A%1, A
Deig =) AU (1) (p + q), 1 —qltp)

ALp

Dipole strength
Ff g ZZ

Oscillator strength

2
1 K
Mri)

ED __
SFI . AFI,q

DV + .. D V

Key idea:

Couple

electric dipole operator: D
and

perturbing potential: V
to obtain:

effective electric dipole operator: D

Einstein A coefficients (1/7)

1 4w?
4’?'69 hc?

Classification: Public
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Midcfll -™" A = cllie»ralle—

I»=mrecd Eall»=aer »tic»na

et s T =0 ah g [ -

=21 m

!

i

G

b0

=11

==

Q
s
[

Simulation
Burdick, et al.
Phys. Rev. B: 50: 16309 (1994)
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Multiplet-Multiplet transitions
e Judd 1962

* For solutions and glasses at room temperature.

* Sum over all states in a multiplet and all polarizations.

* Reduces to three-parameter linear fit. €huge simplification!
e (), parameters with A=2,4,6

e 1000s of citations!

apJp.apd; —

_ 1
SED — gegz U (apJp|[UY | apJr)?
X

1 2
D=2 oy

t.p
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Reminiscencies of a quenched luminescence investigatory

visible
| George Blasse
phosphor grains
electrode ~ o ; k UV A University Utrecht, Debye Institute, P.O. Box 80 000, 3508 TA Utrecht, The Netherlands
@J Hg* ‘H . Hg" i
e Hg e Journal of Luminescence 100 (2002) 65-67
000Q0a0000TcO0 OO0 5L

Hypersensitivity: The emission of Eu’ " consists
of an orange allowed magnetic-dipole transition
(> DU—TFIJ, a red parity—forbidden electric-dipole
(ED) transition (5D0—7F2), and further infrared
ED transitions. For application, the emission

LaPO,:Ce*, Th**  Y,0;Eu’*

should consist of as much *Dy—'F, emissions as
o~ I
. . . 3+ .
possible. This requires Eu to occupy a site
7F2 without 1nversion symmetry. This, however, in-

duces also the infrared emission. Fortunately, the George Blasse
rare-carth transitions with AJ = 2 are hypersensi- 1934-2020
tive to the surroundings, 1.e. a small deviation

from inversion symmetry induces strong red

emission whereas the infrared emission is still

weak. By comparing many systems I found that a

certain amount of covalency is a condition for this
hypersensitivity. Later calculations by others con-

firmed this, but to me they are not transparent. It

remains striking that the high quality of colour

displays like in TV 1s due to this hypersensitivity
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Spin Echoes*f
30MHz/0.7T
E. L. Haung -
Physics Department, University of Ilinois, Urbana, Illinois T~ 100us
(Received May 22, 1950)
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Fic. 11. Free induction signals for protons in paraffin. The echo Spin Echo: Wikipedia
lasts for ~1.4X107® sec. The r-f pulses, about 25 usec. wide,
cause some blocking of the i.f. amplifier. The echo envelope decay
time is also of the order of the single echo lifetime.
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Preparation

Optically addressable nuclear spins in a solid with a
six-hour coherence time

Manjin Zhong', Morgan P. Hedges"?, Rose L. Ahlefeldt', John G. Bartholomew', Sarah E. Beavan'*, Sven M. Wittig'*,
Jevon J. Longdell® & Matthew I. Sellars'

8 TANUARY 2015 | VOL 517 | NATURE | 177
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Crystal-Field Calculations for Y,SiO. (YSO

In low symmetry the use of magnetic measurements
to fix the orientation of the crystal-field potential is

crucial.

Sebastian Horvath worked on this problem during
his PhD and we have since extended this work to

several rare-earth ions.

Y1 and Y2 sites are six and seven-coordinate
respectively.

Figure 1. Schematic representations of local atomic structures around
the two types of yttrium (Y1 and Y2) sites along with the unit cell of
46 X2-YSO.

Classitication: Public



Crystal-Field Calculation for 1°7Er3+:YSO Site 1

H:HFI—I—HCF—I—Hz—l—HHF—i—HQ.

Use literature and new data for electronic energy levels,
magnetic, and hyperfine splitting.

Directional magnetic data is crucial to fixing orientation of CF
Hamiltonian for low-symmetry sites.
Separately calculate:
e Electronic energy levels
* Magnetic splitting for various field orientations
* Hyperfine splitting.
Data (Effectively 95 data points)
* 35 Electronic energies
* 12 Ground-state hyperfine levels
* 12 Zeeman rotation points
 Raman heterodyne hyperfine data (15 MHz accuracy)

34 Parameters (similar to spin-Hamiltonian parameter number...)

(@) 3004 (b)
2Hiy2 — 195.20 | go@87 0
453',2 ——— E—
17.5 1
~ 195.15 A
4 I
15.0 - Fo/2 n— I t
-~ ' J
mO 5 195.10
—
X 1254%2 — — :
n 195.05 2
g 11— — T ' T
‘: 10.0 A 0 50 100 150
Q
Ko
€ 15
Q
®
5.0
=
2.5
4
0.0 - hsr2 —

Frequency (GHz)

o
©

1.0

4
©

0.7 4

0 50 100 150

Rotation angle (degrees)

! f\',;w
\ \:M;/}::.w\
'//A\\ &\\\'/////ﬁ!/_t\\\

{ | 4\\\“" oy, SV
1 AN e \

A
NS \ 2

v

) L
‘\g"\;q— *./-‘1’4 /A * —=H
‘)‘\-‘iﬂl’d\o;“\\"i’_ I

AN B K XA
-4

Sebastian Horvath et al. Phys. Rev. Lett. 123, 057401 (2019) =~ “riweanin © * rebsomon



Extension to Other IONS:
Zeeman spectroscopy of Sm3*:Y,SiO.
N.L. Jobbitt et al. J. Phys. Condensed Matter 34:325502 (2022) -
b, fsoooc b, i
£ 4980 | ———
e 5
% g4960
= (=}
_____ , 2 2 4940 "
g =
g 4920 | | | |
0 | 2 3 4
R b
; le*) — x
',-' geltpB 4960 -
le™) T k
B 4940 g T :
4920 4
| 2 3

=
~——
-
~——
-

-

~——
-

~

Dy

ggrUBB

492

50()0 4$)8() 4!}6() 419‘10
Wavenumber (cm'l)

Magnetic field (T)



6520
D D
: 6515} ! ° o *
-
6510 _
[ S
6505 """-'--,..,_t_
B
¢ 'L 6500
6495 !
6506 6508 6510 6512 0 1 2 3 4
6530
:‘E —.ﬂ D2 L
= g _'____,..
5 5 6520 e
'E 5 o & & !
< el - - _ _ .
~ 6510 e S S B
= EREN | S = S|
iz 5 ha -
5 = 6500
6490
6505 6510 6515 0 1 2 3 e
6530
b . !
6520 'l.
,--'..7/
g 4o 8 8833
6500 T
6490 |
6504 6508 0512 0 1 2 3 4
Wavenumber (cm” ]) Magnetic Field (T)

FIG. 2. Magnetic splittings of the site 1 Z; — Y transition for

magnetic fields applied along the three crystallographic axes of

Y>S10s. The top, middle. and bottom panels shows B || Dy, B || D,,
and B || b, respectively. The left panels show 4.2-K Zeeman absorp-
tion spectra at magnetic field strengths represented by the vertical
lines in the right panels. The weak outer transitions are labeled with
arrows (0 assist the reader. The right panels show the experimental
splittings. represented by the circles, and the calculated splittings are
represented by the red lines. .
' ’ Site 1

Er3+:YSO N.L. Jobbitt et al. Phys. Rev. B 104, 155121 (2021)
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FIG. 3. Magnetic splittings of the site 2 Z; — Y, transition for

magnetic fields applied along the three crystallographic axes of

Y,S10s. The top, middle and bottom panels shows B || Dy, B || D,
and B || b, respectively. The left panels show 4.2-K Zeeman absorp-
tion spectra at magnetic field strengths represented by the vertical
lines in the right panels. The weak outer transitions are labeled with
arrows (0 assist the reader. The right panels show the experimental
splittings, represented by the circles, and the calculated splittings are
represented by the red lines. .
’ ’ Site 2
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Er3+:YSO Nick Jobbitt et al. Phys. Rev. B 104, 155121 (2021)

TABLE III. Fitted values for the free-ion, crystal-field and hyperfine parameters and their related uncertainties of site | and site 2 in
Er’*:Y,Si0s. All values are in cm™'. Parameters determined by Horvath et al. are also included for comparison [16,18].

Site 1 Site 2
Parameter This study Uncertainty Ref. [16] Ref. [18] This study Uncertainty Ref. [18]
Eqg 35491.3 0.1 35503.5 - 35507.5 0.1 -
F? 95805.7 1.0 96029.6 95346 96121.9 1.3 95721
F 67869.7 34 67670.6 68525 677224 4.5 68564
Fe 53148.2 2.5 53167.1 52804 53241.2 3.1 52999
s 2360.5 0.1 2362.9 2358 2362.3 0.1 2356
B} —479.6 6.1 —149.8 —563 389.0 3.7 354
B; 471.44-143.8i 294 3.0i 420.6+396.0i 55842801 —325.7 —95.8i 2.7 +3.0i 498.68074-274i
B; 125.5—-2.0i 2.8 + 2.3i —228.54-27.6i 143—121i —368.5+53.71 1.8 + 2.0i —75.8028+4-60i
B; —640.6 31.3 1131.2 —125 17.2 15.5 226
B} 288.84+924.11 7.2 4+ 25.31 985.74-34.21 225-8311 —378.7 —519.51 5.1 4+9.31 —657.8381+5931
B3 —273.94-320.91 L1.1 4+ 16.7i 296.84-145.01 —48 — 945i —72.0 — 146.01 574+ 6.7 335.7827+2531
B3 —873.7—-367.81 20.7+9.7 —402.3 —381.71 —615 — 688i —890.84-570.41 9.5+ 7.3i —71.3262 — 46i
B] —600.841210.51  23.7 4+ 9.2i —282.341114.3i 744—102i —198.7 — 567.9i 7.8 +52i —813.96544-64i
B 145.7 13.2 —263.2 —28 73.4 43 219
BS —105.9 — 329.0i 294+ 4.01 111.94-222.91 49-+199i —37.5+449.91 34457 —12741971
BS —119.94164.1i 7.7+ 8.8i 124.74195.9i 120—1071 135.54+60.6i 45+ 1.5 —36 — 471
B 1.14133.3i 6.7 + 4.51 —97.9+139.71 195-55i —166.7+131.8i 2.6 +4.0i 17—1081
BS —84.6+36.9i 5.0 +4.5i —93.7 — 145.0i —287 — 16li 227.2+47.6i 1.2 + 3.0i —100+77i
B 75.546.9i 43 4+ 6.6i 13.94-109.51 —117+162i 119.54+64.3i 3.7+ 321 —263+103i
BS —48.5+118.01 6.2+ 4.2 3.0—108.61 1364-1861 37.6—41.31 3.5+ 2.81 12—-26i
52 386.6 - 399.0 483.0 363.1 - 397.9
54 948.2 - 862.9 824.6 653.3 - 607.5
56 183.8 - 189.6 218.6 151.5 - 171.4
a 0.005306 0.000008 0.005466 0.0059 0.005389 0.000012 0.0069
dg 0.0554 0.0020 0.0716 0.0800 0.0240 0.0024 0.0808

Note that 34
parameters is the
same as the
number of spin
Hamiltonian
parameters for
Z1 and Y1.

g, A, Q tensors:
(6+6+5)*2



Er3*.Y,SiO. predictions: Polarization Measurements

Polarization measurements for 1550 um transitions
Y. Petit et al. Opt. Mater. X, 8, 100062 (2020)
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Er3*:Y,SiO: Predictions: Polarization

We cannot (yet) calculate electric-dipole
moments in low symmetry, but can
calculate magnetic dipole moments
(same matrix elements as Zeeman).
Our predictions for Site 1 have improved
with more data.
Site 2 is still out of phase...

Calculation or measurement?
* Interesting that all fits
reproduce Zeeman splitting,

but not dipole moments between states.
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Er3*.Y,SiO. predictions: high-field hyperfine

Hyperfine structure of Site 2 1.5um transition:
7T along D;.

T
Milos Ranci¢ et al. Nat. Phys., 4, 50-54 (2018) = -
. . . . . z 1538
Non-linear regime where spin-Hamiltonian approach ¢ "
breaks down. /e
Unlike Site 1, our Site 2 fit does not include Y, ; sz
898 MHz
hyperfine data — this is a prediction. 5|
995 MHz
-10¢ :
0 2ID 4ID GID BID 100 / 7000
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Other work by our group on Y,SiO«

+. . +. M +. 1
Ce3*:Y,SiO. Nd3*:Y,SiO. Ho3*:Y,SiO.
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Site 2 Experimental Calculated
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Sagar Mothkuri et al.
Phys. Rev. B, 103, 104109 (2021)

Yashar Alizadeh et al.
| J. Lumin., 234, 117959 (2021)

Classification: Public

Yashar Alizadeh et al.
Opt. Mater., 117, 111114 (2021)




Summary of spectroscopic work on Y,SiO.

We have shown that we can do crystal-field fits on low-symmetry
systems.

But:

Proving that our fits are unique is still an open question.
Comparing fits with 27 parameters is difficult!

Perhaps ab-initio calculations are good enough to guide the fits?

Classification: Public



PHYSICAT, CHEMISTRY pb-

The Journal of Physical Chemistry A, 2014, 118.

Spectroscopic Distinctions between Two Types of Ce** lons in
X2-Y,Si0s: A Theoretical Investigation

Jun ‘V\fen,'“:"+ Chang-Kui Duan,i Lixin Ning,*’§ Yucheng Huang,§ Shengbao Zhan,+ Jie Zhang,%
and Min Yin*

Table S. Calculated Principal Values of the g-Tensors for
Ce’" Ions in X2-YSO in Comparison with the Experimental

Values for Ce*" lons in LSO

site 1 (CN = 6) site 2 (CN = 7)
principal values caled exptl? caled expt]”
g 0015 0 0.394 0.55
& 1317 1.3 1.743 1.69 Figure 1. Schematic representations of local atomic structures around
g 2297 2.3 2.216 2.25 the two types of yttrium (Y1 and Y2) sites along with the unit cell of

X2-YSO.

56
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e3" in X2-YSO

FELA (Ruijie HAO), =& E (Weiguo JING)*
Chang-Kui Duan

USTC, Hefei, China

Classification: Public



K=2 Spherical Harmonics - Potential

il
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C%o(r)

C2y(r) ~322=r? ~3cos%0 - 1, etc.

Potential acts on 4f orbitals:
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Fitted and ab-initio parameters for the k=2 part of the
crystal-field potential (Er3*:YSO, site 1).
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Ab-initio calculation
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Parameter fit for Er3*

B20= -479.6
B21 = 471.4+143.8i
B22 = 125.5-2.0i

Ab-initio calculation for Ce3*

B20= -1162;
B21= 362-198;j;
B22 = 129+76i;



Fitted and ab-initio parameters for the k=2 part of the

crystal-field potential (Er3*:YSO, site 2).

Parameter fit
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Ab-initio calculation

k
HCF —_ BZI(Cé )

k,q

Parameter fit for Er3*

B20= 389
B21 = -325.7-95.8i
B22 = -368.5+53.7i

Ab-initio calculation for Ce3*

B20 = 925;
B21 = -30-219i
B22 = -496+46i



Fitted and ab-initio parameters for the k=2,4,6

parts of the crystal-field potential (Er3*:YSO, site 1).
k=4
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Fitted and ab-initio parameters for the k=2,4,6 part
of the crystal-field potential (Er3*:YSO, site 2).
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In Progress: Prediction of the hyperfine structure of 1>1Eu3*:Y,SiO.

The Sm3*:Y,SiO. parameters are scaled and fitted to predict the
hyperfine structure of the ’F, ground state of Eu3*:Y,SiO. (Site 1)

Spin Hamiltonian:  # = upB-g-S+1-A-S+1-Q-1— /1,,¢,B -1
Contributions from

1. Electronic effects due to mixing of ’F, with ’F, by crystal field.

2. Direct interaction of lattice and magnetic field with nucleus.

See: Smith et al, Complete crystal-field calculation of Zeeman hyperfine splittings in europium.
Phys. Rev. B 105: 125141

Crystal-field —
and magnetic ’F,
splitting
I=5/2
Crystal-field 7F1 Elc?ctron-n.uclear
mixing interactions
7F0 —  —

Classification: Public



Frequency (MHz)

In Progress: Predictions of the hyperfine structure of >1Eu3*:Y,SiO.

The Sm3*:Y,SiO. parameters were scaled to predict the hyperfine

Nuclear spin: I1=5/2 structure of the ’F, ground state of Eu3*:Y,SiO; (Site 1)

140 _
' Prediction - The experiment and prediction are for a magnetic field in the particule
] ~direction that gives the ZEFOZ point used in Zhong et al. Nature paper
; Experiment; - -
100 - demonstrating six-hour coherence.
_ - Contributions from:
60 '-/ - 1. Electronic effects due to mixing of ’F, with ’F, by crystal field.
: J&Z 2. Direct interaction of lattice and magnetic field with nucleus.
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Magnetic field effects in nanoparticles - Jamin Martin

Review: Y. Luo, Z. Chen, S. Wen, Q. Han, L. Fu, L. Yan, D. Jin, J.-C. G. Bunzli, G. Bao,
Magnetic regulation of the luminescence of hybrid lanthanide-doped
nanoparticles, Coordination Chemistry Reviews

469 (2022) 214653

We use KY;F,,, which has high symmetry (C,, ) and so calculations are possible of
energy levels and intensities.

Classification: Public
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ENERGY LEVELS OF THE +3 LANTHANIDES IN LaF,

3+ 3+/ . s0 — -
Er3+/Nd3/ :KY,F S e ——
e i
"% e
. .
CElmERT R frec v
. . I [ =
Jamin Martin — - i
=B ——
- =-] S—— T, =
2Fyp — - =
e | S — P :
—_—— — - Bl — _—
N e — = =R
— — . e e
EE o e — === ==
— L L E e—
— — S e zp
| ] . B - ] g, L
EE . — =
- B N
e e i | [— D,
" LloUD RELIUM Pan ____ - R ey
—_— _— —_— _' _ _— —_— _— “ '_ -‘q —_— _— -_—
—— G G, [
= ! — —— 16,
B .. —— o, o — [
BEE e G
e 3 “Fap L |
-’ Cors -
et - 'n.
e SE— *F, *Fars aF, 2
— BT —
L——-——‘——————‘,,—.F—n-
el P —_— . ‘1,4
| | Jpe— A ooy DS
L5 —r, e Fas
1m0 T Em—— e |
— L
=
3, : s, —— 7]
IR — S —
o — — — ——
iroviiait] —_— ——
| 2F /2 — = . —
|— . —_— [r—
= a-—
pl= N — === — muns D I DS ——
Ce Pr Nd Pm Sm Eu Gd Tb Dy He Er Tm Yb
ae M| Tz | 31, *Hy, 7R, s Fe CHigp I | ‘Lisp ) 3He  2F,,




Er3*:KY,F,, nanoparticles

Not symmetrical: Transitions from
lower ground state are more
intense due to Boltzmann factors.
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E r3+ : KY3 FlO Random orientation probes g value

populations at various angles
Model of magnetic field.
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Crystal-field and Zeeman interactions in lanthanide doped nanocrystals: KY,F :Nd**

Jamin L. B. Martin Jon-Paul R. Wells,Michael F. Reid

N
N
T
BN A AL
M

Fit including magnetic splittings gives a
good reproduction in the splittings,
including non-linear effects.

Jamin Martin et al.

Optical Materials X, 2022, 100181.
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Figure 3: Calculated Zeeman splittings for the Z,y, — W,
transition. Energies only fit (a) and energies + splittings fit (b)
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Figure 4: Calculated Zeeman splittings for the Z,y, — X,¥,
transition. Energies only fit (a) and energies + splittings fit (b)



Conclusions
Crystal-field modelling for several rare-earth ions: Ce3*, Nd3*, Sm3*, Ho3*, Er3* in Y,SiO. (YSO).
Other groups include Yb3*: Zhou et al. Inorganic Chemistry 59:13144 (2020).

Due to the C; symmetry, directional magnetic data is required to determine unique sets of
parameters. [May still not be unique!]

Parameters can be scaled between ions.
Prediction of polarization and high-field hyperfine structure for Er3*:Y,SiO..

In progress:
* Comparison with ab-initio calculations.
* Micro and nanocrystals.
* Prediction of magnetic-hyperfine structure for Eu3*:Y,SiO.
* Work on other ions.
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