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’E\ 10 Absorptio‘n
g Diamond: NV- o :RF?ylelgh
S Diamond: SiV- .==-0OH
c —— Total
2
Solution: Quantum repeaters §
) = a|0) + B1) reduce overall loss, but need g
. . ©
Goal: We want to distribute synchronization between 301 S0, B
quantum states across |ong nodes using guantum memory = 04 06 08 1.0 12 14 16 1.8 2.0
Wavelength (um)

channels, e.g., between cities.

V) = |0) [¥) [¥)

Problem: No-cloning forbids state
duplication, so we cannot amplify

Attenuation through a fiber optic at

varied wavelengths, with the

minimum at 1.5 pm [2]
Requirements: A memory qubit
T must have an energy structure:
o : with a telecom interface and long-

weak quantum signals Implementation: Solid state coherence storage; preferably in a
guantum memory leverages well Si-compatible host
eStab“Shed fabrlcatlon teChanueS [1]: https://news.uchicago.edu/story/chicago-quantum-
4 network-argonne-pritzker-molecular-engineering-toshiba

[2]: Wolfowicz et al, Nat. Rev. Mat., 6.10 (2021)
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Recall Requirements: A memory qubit must have an
energy structure with the following:

- A telecom-wavelength transition as an interface 11>
- A long-coherence-time transition as a storage mechanism

Interface mechanism: Read and write from the
storage state; interacts with the environment
- Fast lifetime T, telecom wavelengths

fidelity for a long time; isolated from environment

Storage mechanism: Keep a state with high / e>
- Long coherence T», controllable with driving field 0> —Y

Archetypal 3-level system
Let’s pick a defect to facilitate this.
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Fiber attenuation (dB/km)

|

Radial wavefunction
of Nd3* compared
4s,p.d : to Xe core charge

N distribution — note
shielded 4f extent [1]

r2y? (a.u.)

Xe core
54 electrons

r(a.u}
10 Absorption
Diamond: NV- T ﬁ_\?ylelgh
Diamond: SiV- ----OH
—— Total
1
] Attenuation through
a fiber optic at varied

4H-SIC: VR / Wr?\v.elengths;, ::.leth the2

01 N Si0,:Er minimum at 1.5 pm [2]

04 06 08 1.0 1.2 1.4 16 1.8 2.0
Wavelength (um)

Energy (10° cm™)
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Selecting erbium for guantum memory PRITZKER SCHOOL OF
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Energy structure of R**:LaF, (N.B.: 1538 nm = 6500 cm™) [1]

Er3* is demonstrated to have long spin and optical
quantum coherence times, e.g. 4ms T, in Er:YSO
at 2 K [1] and 23ms T sinin CaWO, at 10 mK [3]

The only downside is that Er is dim.

[1]: Liu and Jacquier, Spect. Prop. of Rare Earths, 2005
[2]: Wolfowicz et al, Nat. Rev. Mat., 6.10 (2021)
[3]: Dantec et al, Sci. Adv., 7.51 (2021)
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We wish to identify an archetypal 3-level system within the energy
structure of erbium, here via close examination of its Hamiltonian. [1,2]

Starting point: An N-electron atom

N N N
B2 9 Ze? e?
H=—— Vi — —
2m Z T * Z Tid

=1 1=1 1<

Refinement: “Central Field” approximation

N 9
h
H=Hop + He, Hep=)Y (— %V? + U(ri))
=1

The central field Hamiltonian lets us use
hydrogenic wavefunctions as our basis.

11> A

/ N
0> —Y

Archetypal 3-level system

[1]: Judd, Operator Techniques in Atomic Spectroscopy, 1963
[2]: Wybourne, Spectroscopic Properties of Rare Earths, 1965
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Working beyond the central field

N h2
H=Hcp+ H:, Hcp= Z ( - %Vg + U(Ti))
1=1
N 62
He Z(——_U(Tz)) Z ro
i>j=1"4

Looking at the terms external to the central field, we find H;:

N 2
€
= Z —  (the inter-electron Coulomb potential)
- 17"@'3'
(e

Then we start adding other perturbations, such as spin-orbit:

N 2
h= dU
= ;f(rz)sz -1, §(r) = TP A

THE UNIVERSITY OF CHICAGO

PRITZKER SCHOOL OF
MOLECULAR ENGINEERING

NEXT GENERATION QUANTUM
SCIENCE AND ENGINEERING

11> A

/ N
0> —Y

Archetypal 3-level system

[1]: Judd, Operator Techniques in Atomic Spectroscopy, 1963
[2]: Wybourne, Spectroscopic Properties of Rare Earths, 1965
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Inter-electron Coulomb potential

N 2 Er energy levels upon “turning
6 ”
Hy| = _ on” H: and H:
7". . .
i>j=1 Y ¥
4 T
Spin-orbit coupling potential: TEL 2Hyp
N ) — e ST
h= dU { ‘S
H — r:18.,; - l . P = —] \\‘ ‘\“:?_‘:a_‘:::_L
2 Zg( z) g 5( ) 2m2c2r dr > \ 4G =
=1 £ 9/2
< *l19r2
This gives us a framework to discuss electron | \ ;
configurations (using LS coupling here): Lo 4|1”2
o 13/2
— 4 — : \\\“\ 4|
L le S ZS,J 25_|_1L I I . ls2 I
i i J (a) (b) (c)

J=85+1L

L is written in spectroscopic notation,

— — — — [1]: Judd, Operator Techniques in Atomic Spectroscopy, 1963
10 sol S’ 1 P’ 2 D’ e 6 l’ e [2]: Wybourne, Spectroscopic Properties of Rare Earths, 1965
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We can apply additional perturbations based on the

environment around the Er.

The crystal field (electric potential) perturbation:
Hy=—eY Ve(ri, 0;, ¢;)
)
External magnetic field and hyperfine splitting:

Hy s=p3B-g-S+AS- I

Hs in particular splits Er into the “crystal field
levels” which are each doubly degenerate.

THE UNIVERSITY OF CHICAGO
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Er energy levels upon “turning
on” Hz and Has

Y7
4'131"2 —_—
ﬂ.._& —_— i Yl,up
T—x Y B
! Yl.down
~1.5um
Zs
- —] Zl,up
41512 g P
/B S—
I | Zl,down |
| | |
(a) (b) (c)

[1]: Judd, Operator Techniques in Atomic Spectroscopy, 1963
[2]: Wybourne, Spectroscopic Properties of Rare Earths, 1965
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ﬁfllLﬁ o Yl up
N 9 —x v ’:ZZZj__‘_h
e -1 1 Yl.down
Hi — - B 1.5 um
]. ' Z TZJ 8 g /_ ZB 1>
1>7=1 L] — | A
N 1 _‘;|15!2 : g— - ‘ZIL
Hy =Y &(r)si- b, . oz e
i=1 @ ' ® @ ©
HS — _BZVG(TiaQiaqbi) le>
: Working through the Er energy
structure, we’ve found an 0> Y
Hy s=8B-g-8S archetypal qubit level |
structure in the Zeeman- Archetypal 3-level system

split Z;-Y; transition!

12 [1]: Judd, Operator Techniques in Atomic Spectroscopy, 1963
[2]: Wybourne, Spectroscopic Properties of Rare Earths, 1965
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® < 0:99.8% nuclear spin O
Ce: 100% nuclear spin 0

Fluorite structure
Onsymmetry Ce site
a=5.41 A (ICDD)

CeO; predicted to be an optimal defect host:

- Predicted defect spin T, of 47 ms due
to low nuclear spin environment [1]

- Wide band gap (-3 eV > 0.8 eV)

Also a good candidate for growth study:

- Straightforward to grow in MBE

- Grows epitaxially on silicon (<0.5% mismatch)
- Lessons learned can transfer to other oxides

14

Why use CeO, to host erbium?
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other chalcogenides

1:non-chalcogenide (SiC)

sulfates =

sulfides

oxides

Inventory of stable compounds with theoretical
T2mann > 1 ms and bandgap above 1 eV [1]

[1]: Kanai et al, PNAS, 199(15), 2121808119 (2022)
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Molecular beam epitaxy (MBE) recipe:

1. Start with base growth chamber pressure of 10 torr

2. Prepare Si(111) substrate, RCA cleaned with HF step last

3. Flash substrate pre-growth for 7x7 surface reconstruction

4. Evaporate high-purity cerium and erbium metal; flow oxygen

el

Growth parameters:
- Growth rate of up to 50-300 nm/hr upon a 670 °C substrate
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- Erbium doping controllable via cell temp, from sub-ppm to 100s ppm

)]

Si surface pre-growth CeO2 surface post-growth

Cryo Shroud

[ Substrate Heater ] | ‘

[ Substrate

RHEED
| Substrate Shutter Screen

Ultra-high vacuum environment

~
™~
|
_—1

O,

Grant et al, APL Materials, 12, 021121 (2024)
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We tune the ratio of Ce and O fluxes for single crystalline growth.

® Polycrystalline

e Mixed RHEED pattern Substrate heater gRanEpIJEo?t
~10-5{ A Single crystal (1x reconstruction) ¥
§ ¥ Single crystal (3x reconstruction)
> Ce:0, =1 te shutter
3
o
u v
£ 105+ v &
@ A o

L ]
s ¢ Cell
b5 shutfer
o 4
1077 4 ° °
10-6 10>

Oxygen Partial Pressure (torr)

3x reconstr 1x reconstr ' Rings

Grant et al, APL Materials, 12, 021121 (2024)
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We can adjust the amount of Er in the CeO: film based on the Er cell

temperature and the CeO; growth rate. Cryo Shroud
CeOy Growth || T, = 800 °C | T, = 900 °C | T, = 1000 °C [ : el | ] | |
Rate (nm/hr)
25 2.5 ppm 45 ppm 503 ppm aveeo O | Substrate Shuter | soroon
50 1.3 ppm 22 ppm 251 ppm Uit bigh vacuum environment
100 0.6 ppm 11 ppm 126 ppm
200 0.3 ppm 6 ppm 63 ppm
g e
Er ce
Er concentration impacts things like oxygen vacancy concentrations, U Oz
and alters average Er-Er distances — leading to changes in ensemble L
interactions.

100 T000 | 10.000 We have grown Er:CeO.
Er Doping Level (ppm) | 1 10 (0.01%) (O’.l%) (1’%) thin films with 2-130 ppm Er,
each 740-940 nm thick.

Mean Distance to

Nearest Er (A) 190 = 90 40 20 9

17 Grant et al, APL Materials, 12, 021121 (2024)
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~
(&)
]

— Oxygen
— Cerium
—— Silicon

N
(6]
1

EDX Intensity (Arb. U.)
(&)
o

0

0 20 40 |
oo Si Position in Growth Direction (nm) |

Lo-mag XTEM shows high concentration of threading
dislocations, ~3 x 10° per cm?

Hi-mag XTEM shows good epitaxial registry, but an
amorphous mixed-oxide bilayer confirmed by EDX s

18

Grant et al, APL Materials, 12, 021121 (2024)
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Microstructural analySiS of Er:CeO- PRITZKER SCHOOL OF

Intensity (Arb. U.)

28.25 28.45 28.65 28.85
20 (degrees)

X-ray diffraction w-26 yields
a Ce0,(111) peak near the
Si(111) peak, with a=5.39 A

CeO,(111) peak width agrees
with lo-mag TEM
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= M5 M4
Xe)
$ -
(OB
(&)
[
©
S Y
- Y
O
< -
880 890 900 910

Energy (eV)

X-ray absorption Ce** spectrum
(not Ce*"), confirming desired
valency and therefore structure

Grant et al, APL Materials, 12, 021121 (2024)
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z Zeeman =02 @R AN Pwromusommow
A ——— splitting
S — EPR resonance peaks of Er:CeO
Z1 7 hy — g/JJBB 1
—— Data
y === Curve Fit

X-band electron paramagnetic
resonance (EPR) of Er:CeO;at 3.5 K
yields g-factor matching expected value
for Er in a cubic O site.

1=7/2
1 yvyy v v v v

EPR Signal (AU)

g =6.812 £ 0.001

<«—|=0

Hyperfine peak intensity matches o
natural abundance Er isotopes, and
yields hyperfine splitting.

0.07 0.08 0.09 0.10 0.11 0.12 0.13
Magnetic Field (T)

A =686.5 1.3 MHz

20 Grant et al, APL Materials, 12, 021121 (2024)



Gregory Grant THE UNIVERSITY OF CHICAGO

messpetense |- EF-(lependent spin linewidth broadening @ erirzker scioor or

Sept. 13, 2024 MOLECULAR ENGINEERING

NEXT GENERATION QUANTUM
SCIENCE AND ENGINEERING

Grew Er:CeO, samples varied Er doping levels: EPR linewidth with varying Er doping
- All grown under the same conditions 151 Uinear Fit &
-2 ppm to 130 ppm N e [4g Interaction II
- Films between 740 and 940 nm thick z dd /
= 1.01 - #
We track the linewidth of the spin resonance i 4
In EPR as a function of Er concentration. i’ //
; 05 7 */’,
Broadening observed in EPR linewidth is & g mm T
greater than Er-Er interactions alone. [1] b
2 0.0 o 401 402
T po(gpB) 10 10° 10
I'epr > Taa = o3 ; C Er doping (ppm)
21 [1]: Geschwind, Electron Paramagnetic Resonance (1972)

Grant et al, APL Materials, 12, 021121 (2024)
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Ys

4|13/2

Y1

Crystal
levels

Zl-Yl =

Setting up optical analysis of Er:CeO;

field

1530.74 nm

Zs

4|15/2
Zy

22

»
: ‘

Laser

Sample
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507100MHz 100FRMHZ Delay
™\
&) S,
EOM AOMs Data Acquisition
System (DAQ)
| 1480BP
l -
50/50BS ’»J X)) Mix
® 1
Objective Timing
N 100Hz- |Electronics
! 1

3.5K Cryostat

Temperature
Controller

1500LP SNSPD

Zhang et al, arXiv:2309.16785 (2023)
Grant et al, APL Materials, 12, 021121 (2024)
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Ys—
4 D ) ) Yy Y; Y,V
|13/2 ——  Ef*t Crystal | Level Energy | Transition Transition S S s
~ Level Field (meV) Wavelength ~ Wavelength '130K; ' ' £y ey
Y1 4 Level to Z1 (nm) to Y7 (nm) TooK g :
iy 13/2 Yy Not observed | — |
Yy 821.741 1508.8 - = | ’\n H n
: Y3 813.171 1524.7 - T 140K
Crystal field Y, 811.007 1528.6 . 2]
levels v; 809.931 1530.7 - 2
411.- : Zr Not observed — ) 17 .
5/2 5 c |
_ Zy 5.517 1541.3 =
Z1-Y1 = Z3 3.188 1536.8 - 1
1530.74 nm Zo 1.479 - 1533.6 j 3 6K
71 0 ~ 1530.7 {7 : : : : : : :
1505 1510 1515 1520 1525 1530 1535 1540 1545
. Wavelength (nm)
5
1512 | . )
5, — 1 Raising sample temperature populates higher Z and Y levels,

accessing new peaks in the PL spectrum.

23 Zhang et al, arXiv:2309.16785 (2023)
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Ys

4|13/2

Y1

Crystal field
levels

Zl-Yl =
1530.74 nm

Zs

4|15/2

Zy

24

Example PLE
measurement of

a 15 ppm Er:CeO;
sample:

Sample is illuminated
for 1.5ms: emission is
collected after that.

PLE Intensity (cnt/shot)

T1 Lifetime {ms)

PLE measurements of Er:CeO.
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PLE Results:
Ce02_39 fine-scan_batch2 2023-03-02-1806

80 A

[=1]
(=]
|

=
[=]
|

)
o
|

o

T T
1530.5 1531.0
Excitation Wavelength (nm)

T
1529.5 1530.0

T
1531.5

1532.0

T .
-W{ ||~+|~ Mﬂwww "‘N'w""""“'"--*_,_m% m“hw‘."‘ ‘iﬂr

|

|

|

i

T T
1530.5 1531.0
Excitation Wavelength (nm)

0 T
1529.5 1530.0

T
1531.5

1532.0

— Data at 1530.76 nm

0.4 —— Fit: 71 =3.219+0.016 ms
E Bkgd: B=0.0115 + 0.00095
S
§ 0.3 4
Fary
2
g 0.2
15
w
.
o 01

0.0 T T T T T T

0.000 0.001 0.002 0.003 0004 0005 0.006
Time (s)

Wavelength scan:
1529.50 — 1532.00 nm, AA =0.0200 nm

Sample temp: 3.55500 K

Pump time: 1.50 ms / Collect time: 7.00 ms
Num shots per wavelength: 12000

Laser power: 56.5 m\W
AOM=2.50V, VOA=0.00V

Periscope:
X=0470, F=07512,Z= —4.940 mm

Grant et al, APL Materials, 12, 021121 (2024)
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Inhomogeneous linewidth vs. Er doping Excited state lifetime vs. Er doping
70
351 }
Gty |_u1_ Ph\ T T T S —— .
T / ® o P
50 - B U \Q / L) \\\
— E 1 ’ * ¥ =
N E S ol ’ S £ oy ] \
é 404 Z “‘v s, s & ié’, 301 . 10°4 e
= 0 T T P — | N
(€301 1530.7 1530.8 B ~ B AN
Aexc (nm) [ ] ,f‘f:““ £ \*
ol =,.--——"!""'f """ 2 N \
R === iy \
187 ® e 2.5 0o 2 4 6 \
""" [Cinh * Ngr T (ms)
0 i i x " ¥ L | x * ¥ - * L | X * * ¥ * L e | v * X - * AL A |
100 10! 102 100 10! 102
Er doping (ppm) Er doping (ppm)
Broadening mechanisms via Stoneham [1]: T1 reduction matches Inokuti-Hirayama (I-H)
~n?3: dipoles near charge defects theory of nearby quenching defects [2], with
~n! : dipoles near dipoles, strain more defects allowing more decay pathways
fields, or random electric fields [1]: Stoneham, Rev. Mod. Phys., 41, 1 (1969)
25 [2]: Inokuti & Hirayama, J. Chem. Phys., 43, 1978-89 (1965)

Grant et al, APL Materials, 12, 021121 (2024)
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holeburning (TSHB) laser illumination

Z,-Y,spectral diffusion measurements

Diagram of transient spectral

/UT 1'0 7 ] . . . H )
= /I/:":" . . a b H \
C . :: . - . . - . & x % H . : :: 1
-} P N I I o - T
- " - - ~ - " - - - n

c 087 = Dozl oF otfEl:oiofoiEllozoid
e - o R o - oo - -
\(E - - - . . :: = " :: " ::
2067 : : :
) F
< -
Q :
(_U -
.
0
o 0.2 A
Q. PR e R ) R R -4 e
n o A . - B N Ll

TP TP T AL TTONICACANR AT O T AR SRR R

0.0 B - — T f T Lps
-10.0 -75 =50 -25 0.0 2.5 5.0 7.5

26

Energy Detuning from Transition Center (arb. units)

Laser sidebands are provided
by a phase EOM placed prior

to the AOMs

10.0

TSHB Intensity (cnt/shot)

[
M
(=]

;¥
[=]
[=]

180 A

160 -

140

120 ~
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Thom < I'rspp/2

Holeburning Results:
Ce02_39 survey batch61l 2023-03-03-2256

— TSHB Data

Fit: Thom = 327.5+ 12.7 MHz
GOF: R2=0.993, y2=0.736

T T T T
240 480 720 960
Detuning Frequency (MHz)

1200

Detuning scan: 1.0 — 1200.0 MHz, 15 steps
Center wavelength: 1530.76 nm

EOM power: —13 dBm (fixed)

Sample temp: 3.55300 K

Pump time: 1.50 ms / Collect time: 7.00 ms
Num shots: 10000

Laser power: 56.5 mW
AOM=2.50V, VOA=0.00V

Periscope:
X=0.470, F=0.7503, Z= —4.940 mm

The resulting intensity profile
yields the spectral diffusion
linewidth, which bounds the
homogeneous linewidth

Grant et al, APL Materials, 12, 021121 (2024)
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Spectral diffusion linewidth vs. Er doping

= Spectral diffusion broadening is linear with
ool w SRS /| increasing Er concentration.
i ',.’ o III
- g /’/ il This is consistent with instantaneous _
z Z J/ spectral diffusion (ISD) due to Er-Er interactions.
210{ %% 10 20 ¥ - L
A (MHz) ol If we treat the minimum spectral diffusion linewidth
¥ of 5 MHz as the worst-case homogeneous
e - /,/” linewidth, then this implies a worst-case
___________________ optical coherence time.
0.0 o o
10° 10" 102 T20pt= 63 NS
Er doping (ppm) op

27 Grant et al, APL Materials, 12, 021121 (2024)
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Tested 12-hour Inhomogeneous linewidth Spectral diffusion linewidth

20% O,/Ar anneals narrows ~20% with 900 C irregular with annealing

on a 200 nm thick, T (K) | | TK | T (K)

3 ppm Er:CeO film 1100 600 400 300 1100 600 400 300 1100 600 400 300

10 i 1 1 1 1 5'0 : 1 1 1 1 20 X 1

Substituting ne, for ’ ]

a population of N 2 E/f{""""I 7;45_ N 15 -

thermally- © 8- £ 40- =3

annihilated defects = | # < B10] #®

extends PLE models = 7§ 3.5 - . 3

for inhomogeneous | . {{_ ______ 4 y

gr:]ez\;\gg\t/gt?:r:jgﬁéwth 0.001 0.002 0.003 0.001 0.002 0.003 0.001 0.002 0.003
gy 1T (1/K) 1T (1K) 1T (1/K)

of 0.65-0.75 eV.
Excited state lifetime

Increases ~40% with 900 C

28 Grant et al, APL Materials, 12, 021121 (2024)
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10 , : : , : We may use photon echo to probe
14 14 14 Y the homogeneous linewidth, knowing
2.2} 3.6K - that we have T2t 2 63 Ns > ~50 ns.
2 - Zl Z1 Zl Zl . . . .
- ; n/2 n  Echo We find a homogeneous linewidth of
1.8} Laser A 1 440(20) kHz, or alternatively a

coherence time of T2, = 720(30) ns.

Broadening dominated by Orbach
relaxation at these temperatures (~4 K).

-—
- N
T T

Coherent beating occurs with a
frequency of ~3 MHz.

Integrated echo signal (counts)
(@)

o
0

Ko

o e T I(T) o exp{—471/T}

29 Zhang et al, arXiv:2309.16785 (2023)
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We may use spin echo to probe
the coherence time of the spin
transition as well.

O
(e?

O
)

Via spin (Hahn) echo, we find a
coherence time of Tzspin = 249(35) ns.

o
N

(No coherent beating occurs here.)

I(1) x exp{—27/T5}

O
N

o

Normalized Echo Amplitude(a.

o
AN
)
o
(@)
o
o
—
N
)
o

30 Zhang et al, arXiv:2309.16785 (2023)
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g 1 Prepending a pulse to the spin echo
Py seguence gives us inversion recovetry,
O which yields the spin lifetime as well.
= 0.8

20.6 Via inversion recovery, we find a

. double relaxation processes with
S04 spin lifetimes of:

LI Tl,spin,A - 011(1) ms

© —_—

g 0.2 T1,spin,B— 0-83(4) ms

[

Eo0 bk _ Optical measurements confirm the B
& ' ' ' ' ' process here is the lifetime of the spin

split states in Za.

31 Zhang et al, arXiv:2309.16785 (2023)
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Er:CeO. provides a promising quantum memory platform at 3.5 K, ArgonnEA @‘NEXT
particularly at low doping levels of 2-3 ppm Er.

Ys
EPR yields g = 6.81 + 0.01, A= 687 + 1 MHz sz
PLE of optical Z;-Y:demonstrates, for as-grown samples: Y T
[inh =9.5+0.2 GHz
Tl,opt: 3.5+0.1ms
Crystal field
Oxygen anneals provide modest improvements to levels
inhomogeneous linewidth and excited state lifetimes. 2,,
Spin echo and photon echo yield coherence times: %]j fégé 24 nm
T2,spin =0.25+0.04 MS §1.4 )
T2,optical =0.72 £ 0.03 MS %112
50.8 3 25 -
Next steps: Sl S . —
- Measurement at mK temperatures to identify coherence limits 15/2 |
- Nanophotonics cavities for Er:CeO. on SOI, to enhance Z;-Y; -

- Lower Er doping to saturate I, T1, and T2 lower bounds
Grant et al, APL Materials, 12, 021121 (2024)

Zhang et al, arXiv:2309.16785 (2023);
32 in review with npjQI
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NEXT GENERATION QUANTUM
SCIENCE AND ENGINEERING

Argonne &
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1. Discussion on selecting a quantum communication-relevant defect
2. Review of erbium energy structure and aspects relevant to our work
3. Developing CeO; as a host for Er

4. Expanding CeO; to other substrates for alternative integrations
5. Considering other host materials for Er via computational survey

6. Conclusions and final remarks
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’ ' Films may be grown on different substrate orientations.

" Different orientations yields different growth behavior.
Most semiconductor fabrication is on Si(001).

Si unit cell Si(001) Si(111)

b

I_..a Y

° Images created with VESTA
Manuscript in preparation

34
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Molecular beam epitaxy (MBE) recipe: Giyo Shroud
1. Start with base growth chamber pressure of 10 torr | ‘
2. Clean substrate [ [ e ] )

Si = RCA cleaned, HF last s foen

SITiOs (STO) = Acetone + IPA sonication e | S | \oeen
3. Prep SUbStrate fOf grOWth ) Ultra-high vacuum environment

Si = Flash to 4x surface reconstruction . —

STO = 20 minutes plasma clean /q % Q |
4. Evaporate high-purity cerium and erbium metal; flow oxygen @/ \Ce\

x

Attempted four growths, all with 10 ppm Er and grown at 50-70 nm/hr: w

- On Si(111), 670 °C substrate

- On STO(001), 670 °C substrate

- On Si(001), 670 °C substrate

- On Si(001), room temperature substrate

35

Manuscript in preparation
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CeO,(111) on Si(111) Ce0,(001) on STO(001), CeO,(001) on STO(001),
along STO<110> azimuth along STO<100> azimuth

These streaky patterns indicate single-crystalline, epitaxial growth.

The “standard” recipe developed for CeO; on Si(111) can work when growing CeO-(001).

36

Manuscript in preparation
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Poly CeO; on Si(001), CeO2 on Si(001), CeO2 on Si(001),
grown at room temp along Si<100> azimuth along Si<110> azimuth

Room temperature growth yields polycrystalline CeO..

Standard growth conditions on Si(001) yields oddly partitioned streaky RHEED,
with streak spacing matching either CeO,(001) or CeO,(011) growth.

37

Manuscript in preparation
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SED  10.00kV WD 9.8mm €x65.0k Ana.P.C.25.8 STD = 100nm
000 FOV:1.97x1.48um  HV 08/23/2024

SEM shows small cross-hatched
domains, indicating twinning

38

SEM and XRD of CeO. on Si(001)

Intensity (counts)

THE UNIVERSITY OF CHICAGO

PRITZKER SCHOOL OF
MOLECULAR ENGINEERING

r'\‘
A O ANEXT
rgonne SR A

NATIONAL LABORATORY

10° - -
o
O —_—
o o o
= o o
100 @ S s
O < n
3 ?
e (@] =)
104 5 s <
i =
o~
o
(0]
103 5 o
102 4
10!

3I0 4'0 5I0 6IO 7.0 8I0 9|O 160 1i0
20 (degrees)
XRD shows Ce02(2§O) and Ce0,(440)
peaks, so we have Ce0O,(110) growth

on Si(001).

Manuscript in preparation
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Substrate Growth Info | RHEED Pattern | I';,;, (GHz) 77 (ms) I'sp (MHz)
Si(001) Room-temp Poly rings No signal - -

Si(111) Standard Single streaks 168+1.1 3.6=£0.1 328£13
Si(001) Standard Multi streaks 280+35 38=x0.1 450=L8
STO(001)  Standard Single streaks 282403 53x02 397x7

We make the following observations for Er:CeO. grown on Si(001):

- Room temperature growth results in no activated Er

- Linewidths worsen when moving from Si(111) to Si(001)

- Linewidths on STO(001) and Si(001) are comparable despite multiple domains

Next steps:

- Optimize Ce0O»(001) growth window on STO(001)

- Investigate buffer layers for CeO,(001) on Si(001), such as STO

- Investigate if roughness of CeO,(011) films is low enough fabrication

39

Manuscript in preparation
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1. Discussion on selecting a quantum communication-relevant defect

2. Review of erbium energy structure and aspects relevant to our work
3. Developing CeO; as a host for Er

4. Expanding CeO; to other substrates for alternative integrations

5. Considering other host materials for Er via computational survey

6. Conclusions and final remarks
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Speeding up rare-earth emission would yield easier characterization

Shortening optical lifetimes of Er3*

THE UNIVERSITY OF CHICAGO

PRITZKER SCHOOL OF
MOLECULAR ENGINEERING

Argonne & NEXT
SCIENCE AND ENGINEERING

NATIONAL LABORATORY

measurements (e.g., PLE, g®@), and eventually higher quantum communication bandwidth.

Option 1: Modify the local
density of states

e Cleaved
: Edge

e —
DO0D00000000000000000000000%

4 um

Nanophotonic devices,
under development per,
e.g., Alan Dibos’ work.

41

Option 2: Modify the available
energy transitions

Tla le
1/T1 = 1/T1a
+ 1/T1w

Adding defects yields extra
relaxation channels (I-H theory).
But, defects like this reduce
photon yield and coherence.

Option 3: Modify the intrinsic
transition relaxation rate

| "2
o < (/| PJi)

The transition relaxation rate
increases as the matrix element
of the transition operator P
iIncreases. This matrix element
depends on the host environment.

Electric dipole transitions P=er
are allowed if the initial and final
states have different parity.
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Rare-earth free-ion states
have the same parity when
In the same configuration,
causing forbidden electric
dipole transitions (Ex: 4f-4f).

/_00 Y(r)ri;(r)dr =0

Electric dipole transitions
are allowed if the initial
and final states have
different parity.

/_OO Ye(r)r;(r)dr = 0.2
42

Wavefunction Amplitude

Wavefunction Amplitude

Parity mixing yields visible Er3*

We(r)

wi(r) -

“P=er

Position r

THE UNIVERSITY OF CHICAGO

PRITZKER SCHOOL OF
MOLECULAR ENGINEERING

Argonne & @NEXT

NATIONAL LABORATORY

The host crystal field
admixes higher states of
different parity into the 4f
states, weakly allowing
electric dipole transitions.

We(r)

wilr) .-

“P=er

Wavefunction Amplitude
[=]

/ Position r

foo Y(r)rip;(r)dr =~ 0.05
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Our goa.l IS “brlghter” Er from the 4|13/2 to 4|15/2 tranSItlon’ 8NATI0NALLABORAT0RV @ii‘x'ﬁ”ﬁfSL’.{H’}'»;I;}‘L

defined by shorter T1 excited state lifetimes in the “l;3, states.

Calculating T, values:

1. Get T; by calculating the oscillator strength f. 1 ppa—

2. Get f from the electric dipole operator matrix element D e Yo

3. Get D from the host crystal structure + Er structure N Ty T

> Jaown

- - % ~1.5um B Ze

List of variables: (0 P —

A = emission Einstein coefficient o 1 _':q—‘i\ —4— | Zuw

0: = ground state degeneracy 1 g1 wie? ‘ 1502 R o

g. = excited state degeneracy — = A = =— ; 3 1 Zy T 2P

w = transition frequency 1 g2 2megmeC I > I - I

e = electron charge (a) (0) ©

€0 = vacuum permittivity 2 a\2 .. .

m. = electron mass f = (” + '2) ST "M ( | |‘2

¢ = speed of ight ' on  3h(2J + 1)

n = refractive index
h = Planck constant
J = ground state total ang. mom.

43
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The matrix element of the dipole operator (D, ~ r) is evaluated in the perturbed basis B,
when transitioning from state B to state B’ [1]:

1 Ak -
@): (BIDVBY= Y (@A +1)(-1)7 AP (p s q>< | UG, 1A E(k, A)
k,q, even A

We then compute the connection between the unperturbed states A and A'. The summation may be
then be rephrased to clarify the role of different terms.

qt+p 5 1 A ._.
2): (BID{V|B)= ) (2,\+1)(—1)“hiff-](p ez )( | US| AYE k)
k,q, even A

B —q4—p g

<B|D§,l)|B’>_Z_1fj'-‘x[ 3. (2A+1)(—1)Q*”(1_ § E)( 4| Ugto |A) E(k, )]

k.q even A

And with this re-contextualization we can define a new summation that is the element-wise
multiplication of an Er-specific set of constants with the crystal field coefficients.

oy A
@: EDPIB) =Y AP, Mgo= 3 @10 (N )

P —q4—p q

(

“q+p |4

A"y (k, M)

k,q even A

MOLECULAR ENGINEERING

Argonne & @)

NEXT.

[1]: Judd, Physical Review, 1962.
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The crystal field coefficients AW arise from the Recall:
expansion of a spatially-varying potential in the ’ AR . n*a |
spherical harmonics. TR = 9 ) (B| fo) B') = Z-*’lg"")/\kq.p
Z (k) ke ~(F) - Y
. ' ‘ . . ) q 2k +1 &

————— ) J
(nm) X coordinate (nm)

Hutchings (1964) [1] and Wybourne (1965) [2] provide an analytical solution for
getting Axqfrom a field of point charges.

The crystal field potential upon an evaluation charge Q. caused by a field of ions with charge Q; at locations
Riis expanded in terms of the spherical harmonics C, yielding the crystal field coefficients A,®.

(k) _ QQ% (k)
9= T A e,

(This solution assumes no charge density of Q;coming within the Er3* electron radial wavefunctions.)

[1]: Hutchings, Solid State Physics, 1964.
45 [2]: Wybourne, “Spect. Prop. of Rare Earths,” 1965



Gregory Grant - - THE UNIVERSITY OF CHICAGO
thesis Defense | \NOrkflow from Materials PrOJECt to IDI PRITZKER SCHOOL OF
Sept. 13, 2024 MOLECULAR ENGINEERING
Argonne & (GNEXT
(1) Search for all material _ _ _ _ -
structures with a bandgap of The Materials Project database allows for rapid processing
>0.8 eV [58,084 structures] of materials structures for identifying crystal hosts.
|
(1) In our initial search the only filter we apply is a bandgap of
(2) Identify oxidation solutions >0.8 eV, to facilitate our Er®*~1.5um transition.
and Er settings for each
structure [~350k settings] Later post-processing filtering may include, for example, selecting
| materials with constituent elements that must be enrichable to nuclear spin
~ zero, to facilitate high spin coherence. [1]

(3) Compute A« for each Er setting (2a) Multiple oxidation solutions result from ambiguous oxidation

ik states. For example, V:NiO¢ could have V>*and Ni?* or V4 and
Ni**. We evaluate both of these cases.

(4) Compute |D|for each Axq

(2b) Multiple settings arise from varying site symmetries and
oxidation environments that Er®* can reside in. For example, Y,0;

has two inequivalent Y3* sites with C, and Cs symmetry.

(5) Compute f for each |D|

40 [1]: Kanai et al., PNAS, 2022.
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(1) Search for all material
structures with a bandgap of

>0.8 eV [58,084 structures] Material | Er Site Info fetcale feuie[1]
< | LINbO3 Li site 2e-6 le-6
_ e _ LiYF,4 Li site 2e-7 2e-7

(2) Identify oxidation solutions _ _
and Er settings for each Y2SIOs O-6 Y site 2e-7 3e-7
structure [~350k settings] Y,Si0s | PB-7 Ysite |  9e-8 2e-8
< CaWwO. Ca site 2e-7 2e-8
(3) Compute Ay, for each Er setting
ik Preliminary agreement between calculations and
literature. Tendency of the calculation to overestimate f...

(4) Compute |D|for each Ay
Recall that no fit parameters are involved here.
Note that f ~ 1e-6 yields a T; around 1 millisecond.

(5) Compute f for each |D|

atl [1] Thiel, Bottger, and Cone, J. Lum., 131 253-361 (2011).
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(1) Search for all material

structures with a bandgap of < Aphysical H substitution
>0.8 eV [58,084 structures] 10-3 -

‘ H ° .-.l s° 1Al o0
.. *

(2) Identify oxidation solutions g
and Er settings for each 10 20 30 40 50 60 70 80 90 100
structure [~350k settings] Substituted Cation Atomic Number

< —

-3 !
(3) Compute A for each Er setting e '

S i IR

1077 T T

fep

fep

(4) Compute |D|for each Ax 0 10 20 30 40 50
Site Symmetry Order
Each dot is one possible Er setting.
(5) Compute f for each |D| Higher f means brighter Er.

48
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(1) Search for all material
structures with a bandgap of
>0.8 eV [58,084 structures]

< |

(2) Identify oxidation solutions
and Er settings for each
structure [~350k settings]

< |

(3) Compute Ayq for each Er setting

N4

(4) Compute |D|for each Axq

N

(5) Compute f for each |D|

1074 4

[ ] .
] H
0

16—

fED

10-°

1077

Initial trends from materials survey

THE UNIVERSITY OF CHICAGO

Argonne &

NATIONAL LABORATORY

PRITZKER SCHOOL OF
MOLECULAR ENGINEERING

=)
GANEXT
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SCIENCE AND ENGINEERING

10

NEE 14
L3
o

(]

.'
4 . . H
L]
., 31 !.‘ TR 14 .
3 ]

20 30 40 0 60 70 80 90
Substituted Cation Atomic Number

. . L H
. s . .
! S e . L oo .o .. o
Il.l. $ l : .” ' i . :' o ®
.
.
i ill-li
0 . n
. L]

100

10 20 30 40
Site Symmetry Order

Each dot is one possible Er setting.

Higher f means brighter Er.

50
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(1) Search for all material
structures with a bandgap of
>0.8 eV [58,084 structures]

<\§\\ |

(2) Identify oxidation solutions
and Er settings for each
structure [~350k settings]

<\{\\ |

(3) Compute Ayq for each Er setting

N4

(4) Compute |D|for each Axq

N

(5) Compute f for each |D|

THE UNIVERSITY OF CHICAGO
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1074
1075

1076 5

fep

1077 4
1078 5

107° 4

10_10 : T : T - T T 1
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Nearest Neighbor Distance (A)

Correlation (Pearson r=-0.3) between nearest neighbor
distance and oscillator strength (recall higher = brighter).

Parameters that do not show clear trends in brightness (here, |r|<0.1):
Site symmetry order, substituted atomic number,
material formation energy, material mass density
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(1) Search for all material
structures with a bandgap of
>0.8 eV [58,084 structures]

Material candidates from survey

THE UNIVERSITY OF CHICAGO
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_

(2) Identify oxidation solutions
and Er settings for each
structure [~350k settings]

_

(3) Compute Ay for each Er setting

N4

(4) Compute |D| for each Ay

N

(5) Compute f for each |D|

Material Er Site Info fei,calc
NaTaN: Na or Ta site 5.3e-5
MoS; Mo site 5.2e-5
Be.C Be site 3.8e-5
AIN Al site 2.2e-5
CeO; Ce site 6.9e-6
Y203 C. Y site 1.1e-6
Rutile TiO; Ti site 7.2e-7
Anatase TiO; Ti site 2.1e-7
Y203 Csi Y site 1.6e-7

51
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(1) Search for all material o
structures with a bandgap of Material Er Site Info fel catc
>0.8 eV [58,084 structures] )
| NaTaN- Na or Ta site 5.3e-5
/L MoS, Mo site 5.2e-5
(2) Identify oxidation solutions .
and Er settings for each Be-C Be site 3.8e-5
structure [~350k settings] AIN Al site 2 2e-5
‘
/L 1) Account for refractive index in calculations, likely using
(3) Compute Ay for each Er setting dielectric constant €* where available in Materials Project
2) Compute for specific transitions, e.g., Y1 to Z;
3) ldentify methods to account for Er-substitution-induced strain
4 te |D| f h A ] . . ]
(4) Compute |D]for each Ac 4) Obtain bulk samples of promising materials for
% % experimental doped Er brightness characterization
(5) Compute f for each |DJ 5) Combine with nanophotonics for high-bandwidth Er defect

52 engineering, up to the 100 kHz — 1 MHz range
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1. Discussion on selecting a quantum communication-relevant defect
2. Review of erbium energy structure and aspects relevant to our work
3. Developing CeO; as a host for Er

4. Expanding CeO; to other substrates for alternative integrations

5. Considering other host materials for Er via computational survey

6. Conclusions and final remarks
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Conclusions and Final Remarks

Er:CeO. is a promising
gquantum memory platform
at 3.5 K, particularly at low
doping levels of 2-3 ppm Er.

Oxygen anneals provide
modest improvements.

Spin echo and photon echo

yield coherence times:
T2,spin =0.25*0.04 MS
T2,optical =0.72 £ 0.03 MS

x10*

Y, Y, Y,
3.6K - :

Y

P D% 9D
Zl
L

&= :
Z, z, Z
i n/2

N

Echo

Laser 4
T

Integrated echo signal (counts)

ISP = = -~ .
o = N R D o NN

)
200 300 400 500 600 700 800

54 7 (ns)

We may grow CeO,(110) on
Si(100), and its optical properties
are no worse than on STO(001)
except for shorter T;.

This may make way for new
routes to Er:CeO; devices,
namely on SOI.

THE UNIVERSITY OF CHICAGO

PRITZKER SCHOOL OF
MOLECULAR ENGINEERING

Argonne & NEXT
SCIENCE AND ENGINEERING

NATIONAL LABORATORY

Via high-throughput
computational survey, we
have found additional viable
hosts for Er that target
higher optical bandwidth.

Material fel,calc
NaTaN: 5.3e-5
MoS; 5.2e-5
Be.C 3.8e-5
AIN 2.2e-5
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Hamiltonian for two spins with dipolar interaction

‘ 2
gijiB 92148 oy B— %(3(01 ‘T)(oy-T)—0oq - 0’2)

H =
8r|r|’

UlB+

Energy shift on spin 1 due to dipolar interaction with spin 2

O 2 ¢
g, b =4y = :I:M(Bcosz 6—1)
d7|r|
Linewidth (Lorentzian, in Hz) due to an ensemble of interacting
spins with g-factor g and concentration C (#/m?3)

2 Mo = 1.256637e-6 T2m?3/J
Holghs)” Ue = 9.27401e-24 J/T
9v/3 h h = 6.62607e-34 J/Hz

I'epr > Lgq =

Sanity check: g=2 and C=10*cm= should yield ~132 kHz
Indeed, yields 131.5 kHz! (exercise from Geschwind)

For 10 ppm in CeO,: g=6.812, C=7.6x10' cm3

10 ppm yields Ng.q = 1.15 MHz, 100 ppm yields 15.2 MHz
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-==Linear Fit /#
(I'; ------ [ 44 Interaction I/
E 1.0 - -o-/i"
©
2 v
() //
= 0.5 A 7
o I,
LLI FII'IFI--._--"E.-: ......................................
0.0 ——— ——
100 101 102
pom to #m? Er doping (ppm)

decimal = ppm/1e6
CeO, atoms/m?® =12/ (5.411e-10 m)?® = 7.57e28 atoms/m?
ppm = decimal * 7.57e28 Er/m3 (or: decimal * 7.57e22 Er/cm?)

Ex: 10 ppm = (10/1e6) * 7.57e28 m=3 = 7.57el7 cm?3
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There are three intrinsic disorder processes in CeO., and three extrinsic disorder

processes incorporating M.Os that yield from those intrinsic processes.

(Minervini et al, 1998, Solid State Ionics)

16 m V., compensation

14 e M~ compensation

A Ce"" compensation

Ers*

Y ad La

s Sl o

Solution Energy (eV/M,0,)

0.7 0.8 0.8 1.0 14
Cation Radius (A)

Fig. 1. Solution energies for the incorporation of M,0, into CeO,
assuming isolated point defects.

If vacancy compensation dominates, then the trivalent

dopant preferentially substitutes into the Ce site (4a)

instead of the interstitial site (4b). Experimental work in low-
58 doped Fe**:CeO. verifies this (Bao et al, 2008, Catal Lett).

M,03 ~> 2
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Vacancy compensation

Mg, + Vo + 305

Dopant interstitial compensation

2M,05 < 3

M + [M:*"] + 6/0%

Cerium interstitial compensation

Cede + 208 + 2My0;3 < 4Mg, + Cei*** + 805
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60 - 14 .
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§ ’ '3 h\b\ /’
50 A . ¢ (Y /
. c§> . ./ ‘.\‘ /./ 1 “+00 . N
N ¢ JR—
Tawl 24 ., v [(w) = — dp exp{—izw}(1 — J/V)
g Ps ¥4 [ ] /! 2
< - - P T —00
= 30 1 1530.7 1530.8 ,{f
Aexc (nm) ! ”f‘f‘f,“
20_ u-—""‘f-f """ V
st —e T 2/3 _ ;
o [ Cinn < N/ J = (1 — exp{ize(z)})p(2)dz
""" [inh & Ngr
0 — —
100 10! 102
Er doping (ppm)
REVIEWS OF MODERN PHYSICS VOLUME 41, NUMBER 1 JANUARY 1969

Shapes of Inhomogeneously Broadened
Resonance Lines in Solids

A. M. STONEHAM
Theoretical Physics Division, Alomic Energy Research Establishment, Harwell, Berkshire, England

Inhomogeneous broadening has been observed in resonance lines in solids over the wide range of energies spanned
by nuclear magnetic resonance, electron spin resonance, optical, and Mossbauer methods. The broadening arises from
random strains, electric fields, and other perturbations from the defects in the lattice containing the centre whose transi-
tions are studied. This paper reviews the calculation of the shapes of such resonance lines, The most important method
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THE JOURNAL OF CHEMICAL PHYSICS VOLUME 43, NUMBER 6 15 SEPTEMBER 1965

Influence of Energy Transfer by the Exchange Mechanism on Donor Luminescence*

Mrr1o InokuTr AND Fumro Hiravamat
Argonne National Laboratory, Argonne, Illinois
(Received 17 May 1965)

The decay of donor luminescence in a rigid solution when modified by electronic energy transfer by the
exchange mechanism is trcated theoretlcally The rate constant for the clementary process of energy transfer

™ 4 ATnITy 1
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3 35 4 45 5 55 6 35 4 4.5 5 5.5
T (K) T (K)

We see broadening of the optical homogeneous linewidth as a function of
temperature, but the coherent beating does not change frequency.

Thom(T) = T'o + a11sT + aphonon €XP{—AE/kpT}

61 Zhang et al, arXiv:2309.16785 (2023)
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= 1.3
i‘i 1
o) 125
50.8 2
(= S 1.2}
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g 0.6 =
o T 1.15
S 0.4 o
w4 2 11
O o
0.2 4
o 1.05 3
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62 Zhang et al, arXiv:2309.16785 (2023)
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The matrix element of the dipole operator (D,% ~ r) is evaluated in the crystal field-perturbed basis
B, when transitioning from state B to state B’, as shown here in (1). Judd (1962) [1] lays this out.

1 Ak -
@): (BIDVBY= Y (@A +1)(-1)7 AP (p s q) (AU 1A E(k, N)
k,q, even A

We then need to compute the connection between the unperturbed states A and A, using
definitions available in Wybourne (1965). The reduced matrix elements at the end may be looked
up in, e.g., Nielson & Koster (1963).

@: AUV 1A = 3" anany (INYSLIM|UL, 1Ny'S'L T M)
M, M’

(INySLIM| U |INY' 'L T M) = (=1)7-MFESHIHT X [0 T L1 (27 + 1)

q+p
o) A J’ J J A
(L o2y ar) {0 T SpSHITO sy

Finally, the evaluation of the term = at the end of (1) is provided by Judd; he also includes radial
wavefunction integral expressions and energies for Er3*.

ik _ : s ) (1 v k1 (nl]r|n'T) (nl| rF 0l
. L — (9] 1 1M2]° L i+ 1 Ak [ 1 l I k [ \T IR i
(3):  EkN) =2 @+ 1) +1)(-1) {j 2SI L s e o

n' I

[1]: Judd, Physical Review, 1962.
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