Defects and Tunneling Systems:
Disordered Quantum Solids

Introduction tunneling systems

Tunneling systems in disordered crystals
thermal properties
dielectric properties
interacting TS
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Tunneling systems in amorphous solids
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spectral diffusion
experiments on single tunneling systems



Tunneling

__» crystal with point defects

™ amorphous solids

possible structural configurations

with atomic tunneling systems: _
double-well potential
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Atomic Tunneling Systems: two level approximation

total wave function ¥ = ai + b,

== eigenvalue problem: H1y = E —Hu = [ Hip APz
o [*Hy d3x _ a’Hy + b*H,, + 2abHy, | Hu = [¢7HY, %
[ dia a’ + b? + 2abS Hy = [of Hip dPz

S = (Y da

minimizing E:  0E/0a =0 OE/0b=(

G(HH—E)—Fb(le—ES) =0
a (H,—ES)+bH,—E)=0

= (Hy— E)(Hy, —E)— (Hy —ES)’ =0 E:= ; (ﬁgi \/Az +4H12f)
energy zero point Hy ., = (hf2 = A)/?

in addition: .S ~ 0,
overlap is small, V is large E=FE; -E_ = \/AQ +4H] = \/AQ + Ad




Atomic Tunneling Systems

WKB method ) ~ i\/m
—2H,, = Ay =~ h{? =y 2h \
Ir = 40 = RISE \ isotope effect

tunneling probability tunneling parameter

_~pure tunneling: £ = Ay

s classical asymmetry energy A

Tunneling systems in crystals (100)-plane

/voften more than two minima

N A0

example: KCI:Li
» Li*substitutes K*
» ionic radius: 7.+ < 7T+

=== 8 off-center positions
in <111> direction




Tunneling Systems in Crystals

potential minima at » =

quantum states

[111) [111)
[111) | [111)
[111) ——|—— 11D
[111) [111)
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with «, 8,7 = =£1

' =(111|H|[111) = (111|H|111)
' =(111H]11T) = (1T1|H|11T) = ...
v = (111|H|111) = (111|H|111) = ...

typically:n’ > p' >/

localized states

edge tunneling

face diagonal tunneling
space diagonal tunneling



Tunneling Systems in Crystals

tunneling states with cubic symmetry
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Ay
hw/2 hw/2 T T4 ()
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Tunneling Systems in Crystals

example: (111) tunneling states

a) partition funct

ion

Z — Ze*Es/kBT —1 + 3e*A0/kBT + Se—2AO/kBT + e*SAO/kBT

= (1 + e‘AD/kBT)B

b) internal energy

N e
U=- ZS:ESe Es/keT — 3N A,

1
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c) specific heat
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Tunneling Systems in Crystals

10"

example: KCI: Li
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» above 1K T 3dependence is observed

» below 1 K additional contribution: Schottky peak
» just 20 ppm Li dominates specific heat

'
)]

-
oI
Y
|

Specific heat C/Jg K™
o
|

1 Lol
0.1 0.2 0.5 1 2

Temperature T (K)

Temperature T/ K for oL
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:x 1 KCI:Li e,

o 107 - f © _
» tunneling system contribution to specific heat Eg ! f

2 107} # -

g rof o °Li m ]
» isotope effect observed: _—~"4,/ks = 1.1K 3 | / . Uispm
» proof of tunneling effect \GAO/]CB — 165K ool

11 I [ I L1
01 0.2 0.5 1 2 5
Temperature T/ K for Li

J.P. Harrison, Phys. Rev. 171, 1037 (1968)



Tunneling Systems in Crystals

107 I .
example: KCI: CN (same symmetry than KCI:Li) o HOEEN
» T *dependence subtracted 9:10-6_ |
» solid line: Schottky peak L.
% o ® 27 ppm
c% i —— Schottky curve 7
107 L L Ll .
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Temperature T (K)
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|
g0.0. °®
O@Qp 59x 109 cm™ 3 |
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0/{%ﬁ\tx[o'g i

» broadening at higher concentrations
» contributions of pairs

100} KCl: CN

Excess specific heat, erg g~ °K~!

» double maximum structure at highest concentration

1 1
0.05 0.l 1.0 5.0

P.P. Peressini, J.P. Harrison, R.O. Pohl, Temperature, °K
Phys. Rev. 182, 939 (1969)



Tunneling Systems in Crystals

Thermal conductivity:

phonon transport, but resonant absorption via TS
== hole in differential thermal conductivity

SA A Ty<T,< T, log(A) A elastic scattering
o
T3
p
Y T, —)
\
&
> >
a)r\ O log(T)
width is determined by coupling for ho = k., T reduction of thermal

. ..B
of TLS to phonons conductivity
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Tunneling Systems in Crystals

scattering rate / mean free path

Temperature T/ K

» strong impact at maximum

» reduction of thermal conductivity
— factor of 500 for 50 ppm OH"

» isotope effect observed

-1

Thermal conductivity A / W cm K

A KOl
o KCISLi 42 ppm
® KCI'Li 42 ppm |
| |

0.1 1 10 100

» confirms that TS are responsible for heat resistance Temperature T/ K

P.P. Peressini, J.P. Harrison, R.O. Pohl,
Phys. Rev. 180, 926 (1969)



Tunneling Systems in Crystals

Dielectric susceptibility:

Static dielectric susceptibility

€ =1+ Xoo + XTLS

S F=—kgThhZ

» selection rules
» level scheme

» field dependence

Helmholtz
free energy

1 OF
T,
1 O*F ~ ksT 0?InZ
XTTV oF2|,_ TV OF?

1 j
Eai1)=—FEqo0 = Qo+ \/ZA(Q) + -p?F?,

3

1

_ 1 ‘
F=0 Eoi,1) = —Eq,0,0 = Qo — \/ZA(Q) + —p?F?,

3

1 1
FE,01) = Ea,1,0 = —Fo,1,0 = —E@0,1) = \/Zﬂoz + -p*F?

3

partition function in electric field

2 np?
Also 3 EQAQ (

Z = 4 cosh
QkBT) (

1
O

1 Ag
“p?F? | (14 cosh [ —=
) (1 (i)



Tunneling Systems in Crystals

o
2 np? b Ay KCI.Li
Xiso = an { 4.54
-
=
) - 4.52
T 7
® 6Li,4ppm
o) Li, 6 ppm 450
—— Theory
O | | |
0.01 0.1 1 10

Temperature T/ K

» high temperature: classical 1/T dependence

» low temperature: quantum mechanical plateau ~ 1/A,
» isotope effect clearly observed

» solid line — theoretical description assuming isolated TS

C. Enss, M. Gaukler, S. Hunklinger, M. Tornow,
R. Weis, A. Wirger, Phys. Rev. B 53, 12094 (1996)

Dielectric constant €



Tunneling Systems in Crystals

Sound velocity

_ o?
2

S44

2m2

o Q’U2A0

torsional mode

tanh A n’YQ
an — :
QkBT QT)‘szBT

2
sech (

Ao
2ksT

» high temperature: classical 1/T dependence
» low temperature: quantum mechanical plateau o~ 1/A4,

» maximum in between: levels contribute that couple
linear to strain field

10%8v / v
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A KCI
o KCI:Li
® KCI:'Li 60 ppm

10

Temperature T/ K

G. Weiss, M. Hubner, C. Enss,
Physica B 263-264, 388 (1999)

70 ppm 7




Tunneling Systems in Crystals

Concentration dependence: example dielectric susceptibility of KCl with TS

isolate TS —> TS pairs —  many particle interaction
ransition to incoherent tunnelin
™\ transition t herent tunneling

radius: J(r) = A,




Tunneling Systems in Crystals

Pair interaction

1 pi-p;  3(ri - pi)(ry - py)

471'8 EKC1

ij :
r.. ..
ij ij

strongly interacting pairs —— tunnel as one entity

Rabi frequency (ECHo experiments) ST
—~ 4 .. *
/ tunnel splitting of pairs o | :
]. AO © St e
(R=—-—0p F [
R E p\ 0 2 . |
dipole moment of pairs : 2r $ -
3 | o °L
6 - /7 -
» KCI with 6Li and “Li T o *;'L/i H
» observation of mixed pairs o '

» experimental proof of pair tunneling 0 100 200 300 400
Field amplitude Fy (V/m)

R. Weis, C. Enss, B. Leinbtck, G. Weiss, S. Hunklinger, Phys. Rev. Lett. 75, 2220 (1995)



Tunneling Systems in Crystals

P A # (0 widely distributed

N Ay also widely distributed

distribution function —— standard tunneling model

P(A,\)dAdA = PydAdA

P(AN) — P(E,Ag) with E? = A% + A2

A(J = th_/\
o\ | |0A
P(E,Ag)dAgdE = P(A, A dAgdE
( ? O) 0 ( ? ) |aA[) aE' 0
K
= F dAgdFE
Ag/E? — A2
density of states
E
2L
D(E) = / P(Ao, E) dAO = PO In Amin
0
Aglin

Energy —

k
o3
P

«—— cut-off

P(E,Ag)

00 02 04 06 08 1.0
Ay/E

W.A. Phillips, J. Low. Temp. Phys. 7, 351 (1972)
P.W. Anderson et al., Philos. Mag. 25, 1 (1972)



Tunneling Systems in Crystals

D(E)

l

ED(E) f(E)dE = Dy(kgT) 2/
0

Internal energy ~ Dy = const.

g

\ e’

Fermi-Dirac distribution 71'2712 7 Tx

f(E) = [exp (E/kgT) +1]7* T

2

Specific heat 3

ou 2 =

CV:(—) =—0D kBQTOCT 2

ar), 6 " S

‘:‘g}

total specific heat 2
Cy = AT + BT? + ODebye

» additional T3term —— quasi-harmonic modes
» linear term ~T 12 instead of ~T
— good agreement but glass is non-equilibrium system
not all TS can contribute in measuring time

10
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Temperature T/ K

R.C. Zeller, R.O. Pohl,
Phys. Rev. B 4, 2029 (1971)

J.C. Lasjaunias et al.,
Sol. State Commun. 17, 1045 (1975)



Tunneling Systems in Crystals

Heat release

effective density of states
measuring time

to

P, 4t
Dur(Bite) = [ P(E.)dr =21 2
Tmin
. L Py
minimum relaxation time P(Ejf‘,-) —

27'\/1 — Trmin /T

— (= mPUkB T In(4AtyT°)

\ measuring time

== heat release of amorphous solids

2kB
24

: 1
Q= R(T-T5);

2
EV 1 E
A2 S
B (AO) pe tan (2kBT)

Heat release dQ/dt / nW

10 100
Time t/h

M. Schwark, M. Kubota, R.M. Mueller,
F. Pobell, J. Low Temp. Phys. 58, 171 (1985)



Tunneling Systems in Crystals

Thermal conductivity

10
== much lower than in crystals | | l |
.. * -
low temperatures: resonant scattering by TLS = ’
hw £ 100 B ..'q. B
(7! « w tanh ( ) = § .
2k T = T crystal %
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R.C. Zeller, R.O. Pohl, Phys. Rev. B 4, 2029 (1971)



Tunneling Systems in Glasses

Universal properties of glasses T T
T 102 [ CdGeAs, _
. = \ d
Thermal conductivity ofglasses s |~ .2 . EATE
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R. B. Stephens, Phys. Rev. B 8, 2896 (1973)



Tunneling Systems in Glasses

Coupling to Electric and Elastic Fields

heo o AR
A B A ) A A

resonant processes

relaxational processes

— modulation of A 0A = 2~ve
0A = 2p-F 0
1 A —A .
o= (2 A ) GitpF)



Tunneling Systems in Glasses

Echo experiments:

w——

r

. . . +
coherent regime: t < 7,2 — oo  two-level approximation: v E = hw

applied rffield: F = Fylexp(iwt)+exp(—iwt)] = 2F; cos(wt)

ov [

. A iwt —iwt
Schrédinger equation: 17— = [Ho + Hg] ¥ = |Ho+p—Fy (™ +e ) [0

E

a1 (t) = cos (§2rt)
Ansatz: V(t) = a1(t)w_e " + ay(t) Ve W — {

occupation number difference varies with Rabi frequency  hE
Rabi frequency

@il oz | -

_pt



Tunneling Systems in Glasses

Origin of echo

/2 pulse
F(t) /
/|

T pulse

echo generation explained in Bloch sphere

Free induction decay ,Echo signal

| /a(

[P ()]




Tunneling Systems in Glasses

two-pulse echo decay 10°
~10" e T=75mK ]
3
S
S 10° BK7 .
= \
S . borosilicate glass
glo — -
» sensitivity five orders of magnitude j=
-4
» non-exponential decay 107 - .
10° | | | | |

200 400 600 800 1000 1200
pulse separation time t,, [Us]

o

what determines the decay: spectral diffusion

\\ / /z’,, \ \\'\ \ N / —
\ N \
g \\ uq /' \E’/ o/
o, S ’

<>
t

interaction between resonant TS energy splitting of single TS
and thermally fluctuating TS fluctuating with time



Two Level Systems and 1/f noise

Noise generating two level systems are
— Strain dipoles that couple to the strain field (phonons)

— Electric dipoles (if they are charged) that couple to
an electric field (photons)

— Not all TLS have electric dipole moments but all TLS
are strain dipoles

TLS systems may cause fluctuations in carrier number,
mobility, flux, critical current, dielectric constant, etc.

stram dependence (phase qublt)
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piezo voltage V/ strain €




Tunneling Systems in Superconducting Quantum Devices

TLS are found
* in surface oxides

* in / on the substrate
* at interfaces

TLS generate noise & dissipation in

* MOSFETSs & single-electron transistors
* micro-mechanical resonators

* single-photon detectors, nanowires
* superconducting resonators and qubits

* in tunnel junctions

in Josephson junctions:

TLS on surface oxides A O—0O 5 Q- 5\_

O

U
Q. o ./9
OOOO QQ

\J I v

h'u

2nm

in tunnel
junctions

J - . hydroxide defects
| / ’

TLS on substrate A e - dangling bonds |
S5 * electrons trapped at interfaces:
APL 97, 252501 (2010) — phase qubit Kondo- / Andreev Fluctuator

PRL 95, 046805 (2005) — charge qubit
PRB 84, 235102 (2011) — E, fluctuations



1/f Flux Noise in SQUIDs

1/f%with 0.58 < a< 0.80 Wellstood et al., APL 50, 772 (1987)
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Frequency {HZ) Temperature (K}
Hypothetical noise source Properties of source « ) ’ )
Universal™ 1/f flux noise
Noise from SQUID(2) or {,,, Noise would not appear as flux noise
Noise from {y, Noise would depend on A, ]
Symmetric fluctuations in Iy, & oo, R, & Ry, or L, & L, Noise would not appear as flux noise Ind epen dent of: inductanc e,
Antisymmetric fluctuations in £, and [, 2 :
Antisymmetric fluctuations in L, and L, Ss would scale as /7 materi al S,
Antisymmetric fluctuations in R, and R, S, would scale as ¥ geometry
Fluctuations in external magnetic field S &% would scale as SQUID area :
Noise from substrate Should depend on material Not d ue to fl u CF uat I_n g
Noise from SQUID support Should depend on material vortices (S een In wires too
Liguid belium in cell Should change in absence of helium hi h
Heating effects Shouid depend on power dissipated thin to have a vo rtex)
Motion of flux lines trapped in SQUID Should depend on material

Mechanism not fully known



Paramagnetic Susceptibility

Paramagnetism: Magnetization M is proportional to the

magnetic field H X
M=yH
1
Curie Susceptibility: X~ ?
Consider a toroidal current loop (SQUID) with T

spins on the surface.
Current produces B field that polarizes spins.
Polarized spins contribute to M and flux ®.
Flux ® = LI ¢ Magnetization M = xH.

OeM, Ley, |oH
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Flux Noise in SQUIDs c e
=i 10-10
Noise ~ (1/f)*where 0.5 <a < 1. s
. . . 10Mm =
1/f flux noise in SQUIDs Is produced <
by fluctuating magnetic impurities. 1012
Paramagnetic impurities produce flux o
~ 1/T on Al, Nb, Au, Re, Ag, etc. 102 107 100 10" 102
Frequency (Hz)
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0.03 01 1K) 0.5 0 100 200 300 400

Temperature (mK)

Bluhm et al. PRL (2009) Sendelbach et al. PRL (2008)



Evidence Indicates Spins Reside on Metal Surface

G

 Flux noise scales with surface area of the metal In the
SQUID.

« Magnetic impurities in the bulk superconductor would
be screened.

* Weak localization dephasing time z,grows as T
decreases (Bluhm et al.). If spin |mpur|t|es In the bulk
limited <, T, would saturate at low T (Webb).

. Concentratlon ~ 5% 10'/m?implies a spacing of ~1 nm
between impurities if spin moment is 1 pp.

* Lee et al. proposed adsorbed neutral OH are the spins
but spin reorientation barrier ~ 600 K.



Where do the spins causing flux noise come from?

« Oxygen (O,) molecules adsorbed on the surface.

» Consistent with flux noise independent of material
and scaling with surface area.

A VeV
s 4
EDH% Epg—1— 2p2+< >+2rﬂz —1—2:3? %Epﬂ

wAL AL
Y

Energy

A

1= %<G:;1>% 1s
0 0O=0 O 1 1
pom ok o Molecular oxygen is paramagnetic.
conourstion comaaton - comansien O, molecule has 2 unpaired electron
spins in the triplet state (S=1) with

magnetic moment = 2.




Another Flux Noise Source: Hydrogen Atoms

« Surface treatments do not remove all flux noise sources.
« ESR measurements on sapphire indicate hydrogen atoms
« 1.42 GHz ESR line splitting matches free H atom

* Flux noise measurements find peak at 1.4 GHz
« High frequency flux noise can cause qubit relaxation.

5 ------------- (e)
0~
1 (a) _ ,) + Data
4+ 02 10 — a=0.9
] ] | — a=1.05 ]
61 il 1 o - Gl e e
2- Al §10-12 *
1 | l | 510-14
A=1420 MHz—4 H atom{ =
g 4 U0
10-16
0+ e " e i
0 100 200 300 o® T
Magnetic field (mT) -
107 107 10° 10° 10° 10° 10° 10% 0 10° 1010

de Graaf et al. PRL 2017

Frequency f (Hz) A/Jh = fio at zero tilt (Hz)

Quintana et al. PRL 2017



Summary of Flux Noise Superconducting SQUIDs

* Flux noise in SQUIDs is produced by magnetic
Impurities such as

— Paramagnetic O, molecules adsorbed on the surface.
This explains that

* noise scales with surface area
« flux noise independent of materials

— Hydrogen atoms embedded in and adsorbed on
metallic oxide layer and substrate

« Surface treatments can help remove impurities.



Candidate dielectrics for guantum circuits

O’Connell et al., APL (08)

(a) T ( CC V CC V (UL AL [IALL [ [ILERLL T TTITE
@ i 1 i EI LR P oy

] _ R() 10_3 L L] S|Nx LC —

—_ = ¢ a-SiH LC I

J C - 104 ‘\CPW _

- T

& - .

(C) d vV 107 :% =
K T T K + 10-6% ‘\\ é
ZC@ § —|_ %L CIR § ZC@ %L C'i1R | d N N A J -
10-7 |||||| L L1111l L L L1 I\lllll\
@2 CC CC @2 106 10° 104 103 102 107 100

Ry Ry Vims (V)

a-Si:H has ~ factor 10 lower loss than SiNx
(defects overconstrained from fourfold bond coordination?)

Even in qubits with “simple” single-layer fabrication, lossy native oxides
will limit T, times (2D transmon data compatible with surface loss)

Crystalline dielectrics should be much better

Surface chemistry of metals is also important (tantalum)



Tunneling Systems in Superconducting Quantum Devices

TLS — Qubit Interaction ET

L—<— microwave
1)
flux bias @, , AN

-

qubit manipulation ®
via Rabi oscillation —_—

""""

=2 nm
O
w5
O 2
f)\

ol
S 100394
Al readout
Qubit-TLS interaction:
via TLS electrical dipole moment p
Qubit: n Dipole interaction:
. (D2 Q2 E . A
H=—+=—"+ f =2D=2-0.2
2L 2¢ 7 or P _ 0-2e
J.M. Martinis et al., el. Fiﬂ’d-' Q — 8= p‘E‘ ~h-10MHz
PRL 93, 077003 (2004) E==-~1000 V/m qubit-TLS coupling strength

t C



Two-Level-Systems Strain Spectroscopy

® Tuning TLS by strain

S
>

strain/E-field

TLS frequency

7

TLS asymmetry ¢,

straln dependence (phase qublt)

'/.f-,' ¢ .. :'. 3 / 3

LD r ’ ,' ". .l e i‘ ‘
— | AR
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O g Ly

c . 7 9 L

Bs \ ' JAR

g . -
g 23 ‘.l 0
£ 5P
6 0.3) " 4

piezo voltage V / straln 8

@ strain control using a piezo

qubit chip

tiny deformations

£z10‘7 /V
L

(compress 1 nm by 106 m)

change TLS asymmetry:
e =200MHz/V

OVp

_ W Detect TLS by swap spectroscopy

~ frequency f (GHz)

.

O m

-

1T,
t
| )
<

- loss due to resonant TLS

readout

- OP =loss in qubit population

0
G. Grabovsklj, J. Lisenfeld, G. Weiss, A.V. Ustinov et al.,

Science 338, 232 (2012)



1/f Critical Current Noise

* Fluctuating TLS in the tunnel junction with electric dipole
moment produce fluctuations in the tunneling matrix element
resulting in 1/f noise in the critical current.

« TLS theory: S_; .ureni() — TL/f (Constantin and Yu, 2007)
« Experiment on tunnel resistance: Sg(f) ~ T/f

Experiment ?gg E 10° A o e 0O wideleads
S, (f)~ T/ 80 K + X qubit test junctions
o lc zo K = 107 * prediction from Ref. 9
E L 2 linear T dependence
= 1 3 K = 10
% e ™ 10°f Experiment
\.m \l!
) \ D410
§_ -11
i Sl 10
background 10—12
0.001 0.01 0.1 1 10 0.1 1 10 100
frequency (Hz)

temperature (K)

Eroms et al. 2006 Eroms et al. 2006



Charge Noise

Fluctuating electric dipoles in tunnel junction
barriers and insulating materials produce

Image charges in nearby superconductors

and, hence, low frequency 1/f charge noise.

— Experiment: S (f) ~ T*/
— TLS Theory: Sy(f) ~ T/f

100 TTTTT T T T T T
m\:fg*:\g :
3 N E
107 NS 1
- r L
N 10°F =
=
N e
(P) 3 E
o 10°F 3 m
W TR
L | o T=0025K RN N
102F A T=005K o) Sy
o T=0.1K 4
' Ox
10'15 E L LU I L I L L l L L l L L L I L L L 3
10° 10" 10 10° 10> 10*

Noise Spectrum Frequency [Hz]

Constantin, Martinis, Yu 2009

iy,

(b)

\\
.
| —
10%) T=0.05K
I10°% &
2104
0 | Experiment
10 .
< 10", T=0.5K

10
f (Hz)
Astafiev et al. 2006

100



Second Spectrum — “NOISE of the NOISE”
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Summary of Squid Circuit Noise

Flux noise in SQUIDs is produced by magnetic impurities such as
— paramagnetic O, molecules adsorbed on the surface
— H atoms embedded in and adsorbed on metallic oxide layer

Fluctuating two level systems with electric dipole moments in the tunnel
barrier and insulating materials produce

— Dielectric loss

— Energy splittings due to coupling with qubit energy levels
— Charge noise

— Critical current noise

Need better and cleaner materials, fabrication processes,
surface treatments, device designs, etc.



