9. Atomic Tunneling Systems

e crystal with point defects
~ amorphous solids

possible structural configurations with atomic tunneling systems

double-well potential

\ \ !
\/ |

typical values: A/k; <10K

d~1A
hQ ks ~300 K

V /ks < 1000 K
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9. Atomic Tunneling Systems

two-level-system approximation

total wave function

TP - C“Pl + b¢r

=== eigenvalue problem: Hiy = FE

. f@b*H’Qb d3.fL' . a2H11 + b2Hrr + 2abH1r
- [yrpddz a2 + b2 + 2abS

E

minimizing £: 0E/0a =0, O0E/db =0

a (Hll—E)-I-b(le—ES) =0
o (Hy — ES) + b(Hyr — E) = 0

— (Hy — E)(Hyy — E) — (Hy — ES)?=0]

energy zero point  Hy . = (h2 £ A)/2

in addition: S ~ 0, overlap is small, V'is large

Energy ——
m
EE =

Hy = [¢fHyrd%z

H,. = [fHi, &

H,, = fwl*erd?’x
S = [P d’z

EL =

(hQi,/A2+4H§,)
E=E, —E_=./A%2+4H2 = /A2 + A2

309

N | =




SS 2022

MVCMP-1 9. Atomic Tunneling Systems
WKB method d
A —V2mV
—2H), = Ay~ i2e™> # \ 2 .
— isotope effect
tunneling probability

tunneling parameter

_~ bpure tunneling: E = A

N classical asymmetry energy A

9.1 Tunneling systems in crystals

/v often more than two minima

N A0
example: KCI:Li

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

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

310



SS 2022

MVCMP-1 9.1 Tunneling Systems in Crystals

potential minima at » = g(a,ﬂ,v) with «, 8,7 = %1

guantum states

1 im
fiin i o) = —= ) (E"”“) B7).
/ e By ™ Jocalized states
[111) | [111)
n'=(111/H|11T) = (111|H|T11) = ... edge tunneling
p'=(111|H|11T) = (1T1|H|111) = ... face diagonal tunneling
N ——— . V' = (111|H|TTT) = (1T1|H|I1T) = ... space diagonal tunneling
A /
[111) 11D typically: n > >V
A2u ]-7]-7 1 )
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tunneling states with cubic symmetry

A2u (1)
Ag
T2g (3)
Aw/2 Ag Fiay/2
T1 u (3)
Ag

A1g (1)

(111)

KCI:Li, KBr:CN

(100)

KCI:OH, LiF:OH

Eq(2), Toy (3)
Ag
A/2 * Tpq (3)
Ag
T, ()
Ag
A1g (1)
(110)
NaBr:F
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example: (111) tunneling states Aoy (1)
Ao
a) partition function
T29 (3)
78 Ze—Es/kBT _ 14 3¢ Do/keT | go—280/ksT | o—300/kpT ™ Ay
_ (14 e-dopuar)’ T
Ag
b) internal energy Mg (1)
_N _E,/ksT _ 1
U_EZESe B _3NA01_|_eA0/kBT
s Schottky peak
3 AO 0.5 T T T
U=§NA0 [1—tanh (2kBT)] R
& 04r . i
2
(8]
$, S 03 n
c) specific heat §)
© 1
(0] 02 — o T2 -
O — 3nkg [ Ao 28 ch? Ay r S
BT 2kpT 2kpT @ 01 [ e Bo/keT 7
)
0.0 | | |

0.0 0.5 1.0 1.5 2.0
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-4

—_
o

KCI:'Li
20 ppm

example: KCI: Li

'y
Ou
o
I

'
[e]

» above 1K T3 dependence is observed

» below 1 K additional contribution: Schottky peak

'
N

Specific heat C/Jg~ K™
o =)
[ [
()]

» just 20 ppm Li dominates specific heat

0.1 0.2 o5R 1 2
Temperature T (K)

Temperature T/ K for oL

0.1 0.2 0.5 1 2 5
T T T T TTT I| T T T
1 | KCLLi /
X 208,
oy 1081 A g .
> Pt
2 L /4 . 1
» tunneling system contribution to specific heat o3 ,/D
Ao /k K S ¢ ]
=1.1

» isotope effect observed: — o/kp % B 05/ o ju, 17 ppm T
) \6A0/kB =165K S . e 'Li, 15 ppm |

» proof of tunneling effect 2 10 L e
0.1 0.2 05 1 2 5

Temperature T/ K for L

315



SS 2022

MVCMP-1 9.1 Tunneling Systems in Crystals

'y
o.
o

example: KCI: CN (same symmetry than KCI:Li) . KCICN

—_
ou
(e}
I

» T3 dependence subtracted

» solid line: Schottky peak

® 27 ppm
— Schottky curve 7

Specific heat Coy /Jg K™

ey

=n
o

0.1 0.2 0.5 1 2
Temperature T (K)

O 3665 ppm
® 621ppm
o 27 ppm .

» broadening at higher concentrations

» contributions of pairs [

» double maximum structure at highest concentration —— Paarmodell |

— —- Schottky

11l 1 | 1l I T |

00501 02 05 1 2 5
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d) thermal conductivity:

phonon transport, but resonant absorption via TS

=== hole in differential thermal conductivity

SA A TR = T log(A) A elastic scattering
ow
T3
1
\
\n&
N > |
(or\ ® log(T)
width is determined by coupling for ho, = kgT reduction of thermal
of TLS to phonons conductivity
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9.1 Tunneling Systems in Crystals

scattering rate / mean free path

‘T=< 102 i T 10
T T 10'°L  NaF:OH 50 ppm =
§ I | 5 d10% 2
= 10° ] % 10° =
~ = 10— ©
i i i 2 410 §
£ 1021 . £ 10°f, 2
5 i | g 4102 §
-§ 4 5 10" =

10 | : . c Y )
S » strong impact at maximum 2 | R I A
© - ® NaF -
£ O NaF:OH . .. 0.1 1 10 100
s 100} aFonsopem |y reduction of thermal conductivity Temperature T/ K
=
= | | | ! — factor of 500 for 50 ppm OH-

0.1 1 10 100
Temperature T/ K 1o?

1

A KCI

o KCISLi 42 ppm

® KCI:’Li 42 ppm

| | |

0.1 1 10
Temperature T/ K

» isotope effect observed

Thermal conductivity A / W cm ™ K

» confirms that TS are responsible for heat resistance

100
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e) Dielectric susceptibility: ~ » selection rules (1,1,1)
3A0/2 ———————————————— A2U
» level scheme
» field dependence A (1.1.0 1071 S
° (0,1,1) 29
0 —
1,0,0
. . . A —Ag/2 - ( ! Ty
static dielectric susceptibility (0,1,0) 1 (0,0,1)
BA2 F—————— —— - — - A,

€ =14 Xoo + XTLS (0,0,0)
/.F = —kgTInZz
1 1
p— _1oF Ea1,1) = —E@,0,0 =40+ \/ZA% - §p2F2,
~ VOF - i
Ew,1,1) = —Equ,0,0) = Qo — \/ZA% + §P2F2,
X = "V OF2 i VS OF? |,_, E@1,0,1) = E1,1,00 = —E©0,1,00 = —E(0,0,1) = \/ZAO + §P2F2
artition function in electric field Z = 4 cosh L\/EN + L 2F2 1+ cosh Ao
P Il W2 O R ksT

—) iso = 2 " tanh Ao
e = 5 €0A() 2kBT
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2 np? s Ao 3l | | |
e an
XlSO 3 80A0 2kBT KC|L| w
{454 €
2 | 10 kHz 2
a0 c
» high temperature: classical 1/T dependence G 3
o —4.52 o
» low temperature: quantum mechanical plateau « 1/4, 4L g
) o 7Li, 4 ppm %
» isotope effect clearly observed o 8L, 6 ppm 450 O
» solid line > theoretical description assuming isolated TS ol "
| | | |
0.01 0.1 1 10
Temperature T/ K
e) sound velocity
5?) B v2 T I T
e S44  torsional mode 20 - 7]
v 2
d 2ny? A 2 A 2
o _ T tanh 0 ) - Lsechz 0 >
() Q’U2A0 2I€BT Q’UzkiBT 2I{JBT :rz jo b e i
» high temperature: classical 1/T dependence ; Eg::eu 70 ppm
» low temperature: quantum mechanical plateau o« 1 /A, ® KO cOpem
0 | | |
» maximum in between: level contribute that couple 0.1 L e

. . g Temperature T/ K
linear to strain field
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pair interaction

L [pi-pj 3<m;,--pi><w-pj>}
1) r

ATegEKCl r3. ro.

) )
strongly interacting pairs — tunnel as one entity

Rabi frequency (ECHo experiments)

tunnel splitting of pairs

\ dipole moment of pairs

» KCI with éLi and “Li
» observation of mixed pairs

» experimental proof of pair tunneling

— Fit
o AL
© SLi/Li
® L

700 200 300 400
Field amplitude Fy (V/m)
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high concentrations I I

[ ] 0.4 | KCI®Li
cross-over to incoherent tunneling

consequences:

-
X o i
» reduced resonant contribution (~ c tanh(x)) 0.2 O 1100 ppm
—— susceptibility does not scale with concentration ; 2178 2pm
u ppm
» new phonon-less relaxation channel u 6 ppm
00 _l O|
T 0.01 0.1 1 10
1LoE iy Temperature T/ K
- Tl Wi
? 1.0 interaction parameter: [ = A_ mean interaction energy
- 0
= amll oY i expected zero-temperature susceptibility:
= B KCI:OH o
A KCI.OD 2
X, (V A “)
3 Mo (7 0) = A —
1 T T T 1, A s | | .
o0 001 01 01 1 10 100 Xiso Logt
u
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