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Introduction and motivation

LZ theory chergy / Adiabatic levels
1

: . .
N 7’
N e
N 7
~ 7
N 7z
N e

~
~
~
N
~
~

Diabatic levels T l > time
1~ "2

Avoided level crossing (Wigner-Neumann theorem)

Schrodinger equations
ia, = E, (t)a, + Aa, E,(t)-E,(t)=Q(t);, r=1
iaz = A*al +E, (t)az Q(t) = Qt
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LZ transition matrix U = . . o +| =1
.
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Amplitude to stay at the same o=e"
diabatic level (surviving amplitude)

2
27 exp(—ﬂy +iﬂ—j

_ » 2 4
Amplitude of transition A = - T (i, %)
A 2.
LZ transition time: T,, = — \_/ 1
) e
///, \Z-J:%
Condition of validity: 7, U 7, :‘Q/Q‘ 1/\2
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Molecular magnets: Brief description

» S=10: Mnyo, Feg. S=1/2: Vis.




Magnetization M/Mg

Spin reversal In nanomagnets
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W. Wernsdorfer and R. Sessoli, Science 284, 133 (1999)
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Controllable switch between states
for guantum computing:

N A7 The noise introduces

mistakes to the switch
Work.

Transverse noisej

Longitudinal noise
creates decoherence
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Fast transverse noise in 2-level systems:

Intuitive approach
Transition is produced by that spectral component of noise,
whose frequency is equal to its instantaneous value in the
LZ 2-level system.

A Transition probability measures

\ ; the spectrum of noise
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Master equation

n = _<77IQ(t)77—Q(t) > n + <77§2(t)77§T)(t) > n, n+n, = 1
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Accumulation of transitions produced by transverse noise

v
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Noise produces transitions until ~ Q(t) = Qt <1/7,
1

QT

Longitudinal noise does not change occupatlon numbers beyond the time
interval (-7.;,7.;)

Accumulation time: Toee = o7,
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Quantum noise and Its characterization

Model of noise: phonons H,= Za)kblzbk
k
Hint — UDGZ T uJ_Gx
' 1 .
ua :770[ +776Z y 770[ :WZgakbk, CZ :|:|,J_
Kk

Quantum noise: (17" ®n(t) = (n(t)7" (1))

H2 :Q(t)az
Htot — H2 + Hn + Hint
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(uut)) = (7" )+ (n" On))
(100" (€)= (N +1)[g| exp[ -ie (t-1)]

g
Contains only positive frequencies. Induced and spontaneous transitions

(1" () =+ SN, g, expliey (t-1)]

Contains only negative frequency. Only induced transitions

Time scales of the noise:

-1
-1 T
Z.ni |:| I ns D (()g

Noise is fast if T,C%D \/EZA

Cooled atoms, KITP, UCSB, May
2007



(7

Noise spectral power

o0

(1 )q = | {n(t)"(0) "t

—00

Contains only positive frequencies

> Z‘gq‘ ( ) (Q a)) Induced and spontaneous emission
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(0" (£)(0))edt zvig\gqr NS (Q+a,)

Contains only negative frequencies
Only induced emission

N(Q)+1 2

Equilibrium property: (')

—eT;: Q>0
N(0) e >
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Microscopic derivation of master equations

Neglect A, longitudinal noise beyond interval (-t ,, T, ;)
What to calculate?

n, () =Tr[ AU/ (t =) @)@V, (t.—=)]
U, (t,—0)=T {exp(—if[ov, (t’)dt’ﬂ; U, *(t,—) :T{exp[i jv, (t’)dt’ﬂ

V, (1) =U, (tt) ] VU, (4. ); _w

t
Uo(t,to)zexp{—ijHo(r)dr}; Ho(t)z%t)gZ +H,
5
Keldysh technique: b — . |
fo = ﬂﬁa’_‘.““'Jir f
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Essential graphs

Contains extra small factor
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Moderately strong noise <ui>rﬁ 11

. . . 2 -
No multiphonon processes But no limitations for <ui>/Q
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Evaluation of elementary graphs

| % S t+At tt et

A ~—+

At ¢ bt | P O

A
A

Coarse grain approach: ¢ [ At [ <ui >_1

t
t+At t+At i 1Qr dr

(¥
C= [ dt [ dt,(u (t)u,(t)e™ ~ 27 (ULU, ),y At
t t

(AB), :T<A(f)5(o)>eimdf
jQ )dz =~ Q(t)(t, —t,)

Contribution of two or more lines D< l> 7, At
Negligible for moderately strong noise
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Equations of motion

—wo t+ At ) Lotat |
— + IIIIII ;
S At At
> o — > > »O >
+ +
< < Oe < < (]—4\—’4—
— o t+At +At .

t+ At t t+At
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Master equation:

@ =2 (o), se@(m'), ]+ (o)), +o@)(r) )

M&indifference with classical cae: transition probabilitiei distinguish upper
ang, 1 - n,=—=s
, 2 Z

Q=0(t)

Q=Q(t)

Equilibrium: s, ()= —tanh 22V
Z 2
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Renormalization of the LZ gap

L b t, ot ty
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Correlated transverse and longitudinal sound produces almost instantaneous
transition between the states of the 2-state system exactly as LZ gap A does.

A :

> »

A>A=A+ iz<[uL (t),u,(0)])dt = A—Vig ). (qa))fﬂ(q)

Renormalized gap does not depend on temperature.
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Renormalization

Renormali
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Fig. 2. — Field sweeping rate dependence of the tunnel splitting & _1p 10 measured by a Landau Zener
method for three Fey samples, for H, = . The Landau Zener method works in the region of high
sweepling rates where A_10,10 1s sweeping rate independent.
between the three samples are rather small in comparison to the oscillations in Fig. 3.
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Longitudinal noise (LN)
LN does not contribute to the Master Equation
., [ ‘t‘ 0 r,. LZgapAcanbe neglected

Evaluation of elementary graphs of Master Equation for LN

At t+ At t ot that
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They are the same as in the absence of the transverse noise, I.e. zero.
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Longitudinal noise (continuation)

Within the LZ time interval ‘t‘ <7

Classical LN m=m) Debye-Waller factor

exp{i}um(t)dtj = exp —% Uum(t)dtj

[

UUD (t)dt] =jdtljdt2 <uD (t,)u, (t2)> 0 <u§>ranZ
. Q

2 -1 :
Produces significant effect if <Um>2(7nﬂz) —A_D Q

Th

For transverse noise this condition is more liberal: <Uf> > Q)
See references.  New equation for the fast LN.
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Noise and LZ gap work together

Separation in time: LZ gap and longitudinal noise are efficient within

LZ time interval, transverse noise produces transitions within accumulation
time interval. One can solve this two problem separately and match the
solutions at some intermediate time t such that 7,0 t0 7,

»
| o

tl +00

O
+ C

Master equation, Master equatior]

Transverse noise t.=0
L Long. noise
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Linear relation between elements of the initial and final density
matrices for the LZ problem with the LN:

Pop (+90) = Ay 5,5 (—0)
Relations between elements of A,g.50 o, (~0)=p,, (+20)=1

Abbreviation: A11,11 = Al; A22,22 — A2

Result: s, (+00)=(A, +A) ”“s( )+;z(A1_A2)e—2”ﬁ+

J-dHQG —27[ ( )do |:(A1 N Az)e—47r . F(o)do _1:|
0

2
Notations: 17T
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LN is negligible: A=A, = e 27" _%; 7/2
Survival probability:

o0

27

——|F(o)do —

Q

P :%[u e 2! (207 —1)}+%TdQG(Q)e T | (2677 -1)e
0

Analysis:  y, 0 1 ==> Adiabatic limit

y 0 1 == LZ answer + noise correction 0 77

- - -1
One more time scale: decoherence time T e =(<ua2>rn)

For moderately strong noise  Tgec U 7,
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| - , (B
It proceeds in deeply adiabatic regime L= U QTzD 1

Occupation numbers reach equilibrium.

Alternative treatment: the noise induced width level is T'U <Uf>fn
For strong noise I'>7, 0Q

Very strong noise: T'00 Q

Two levels are not distinguishable:

n=n,=1/2

Our equations give good interpolation
between moderate and very strong noise

Cooled atoms, KITP, UCSB, May
2007



Zero temperature

Survival probability

Py =exp| =27 (7 +7%)|

Only spontaneous
5 g,(a)g.(a) emission is allowed

Exact calculation: no assumptions on strength of noise
and short correlation time

M. Wubs, K. Saito, S. Kdhler, P. Hanggi, and Y.Kayanuma, Phys.
Rev. Lett. 97, 200404 (2006).
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Noise in molecular magnets

Noise is fast: )[110°s?:  AD107K[D10*s™;
T00.1-05K0 ANQ

What is the transverse noise?

Hs—p = AiklmuikSISm

AS <2
Need: AS, =20,18...

Solution: admixtures of other projections.
Transitions with odd AS ~ become possible
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Conclusions

« Transitions induced by transverse noise are accumulated during a long time ¢, =(Qr, )‘1
 The LZ gap induces transitions during a shorter time 7, =A/O

 The longitudinal noise is effective during the same time
» The coherence Is destroyed during the longest timez,, =(<u2>rn )_l

 Within the accumulation time the transition probability obeys the Master
equations if noise is moderately strong

 The correlation of longitudinal and transverse noise leads to renormalization
of the LZ gap, which can explain its isotopic effect in molecular magnets and
transitions between states with different parities of S,.

« Quantum noise distinguishes upper and lower levels

* When noise Is strong, the system occurs in a deeply adiabatic regime
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