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Energy level structure
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Avoided level crossing
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e & Landau-Zener-Stueckelberg
" Mechanism
A B C. Zener, Proc. R. Soc. (London)
H Ser. A137 (1932) 696.

Change in Sweeping Field Resonant Tunneling
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SM, JPSJ 64(1995) 3207, 65(1996) 2734P =17 €XQ ~ 2‘|\/| “M ‘V
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Control of guantum states

* Field sweep LZS mechanism
 Quantum oscillation (tunneling resonance )
 Alternating field
Sx Rabi osclillation
(e.g. /2 pulse NMR )
Sz Floquet phenomena
(Nontrivial resonance)



Spin-rotation pulse

Transverse oscillating filed
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Interaction with photons
(microwaves: 1 to 115 GHz)
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Photon assisted tunneling
Absorption of circular polarized microwaves
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Resonance on the AC field
Non-trivial Resonance

H(t) = _hW COS(C‘I)Z S.Z M(t) '=0.5, ®=0.2, Hy=0.2
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AAM SM, K. Saito, H. De Daedt,
Phys. Rev. Lett. 80 (1998) 1525.



Hz resonance
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Quantum Master Equation
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T=DP= P 1P, Pog =€ Trye ™
%a =ipLo +piL £ eIk () — piLpo(t)ds

+ piLe" ™ (1-p) p(0)

e.g. Photon dissipation and pumping :
(SM., H. Ezaki, and E. Hanamura PRA 57 (1998) 2046)
aa 1 + + +
= _h[HO,U]—K(b bo - 2bdb* +ab'b)
I
Lindblad form =» Stochastic Schrodinger Equation  (antibunching, squeezing
photo emission)




General formulation
d_p:i H’p]

dt in Independent phonon bath
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K. Saito, S. Takesue and SM. Phys. Rev. B61 (20@B97
No feedback effects



Adiabatic transition and

Relaxation
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Field sweeping with thermal bath
Slow sweeping

Fast sweeping
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Nonadiabatic Tr. & Heat-inflow
LZ transition
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Various types of magnetization process

Adiabatic change Thermal relaxation (no Gap)
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Non adiabatic transition

Fast sweeping
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LZ transition + Thermal relaxation

Adiabatic change
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Diagonalization of L

d

a10 :%[H ,p]—y([X, R(t),,O]+[X, R(t)’p]+)
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Sp0=Lo0  p0)=d" O
pt) =" pO)
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Effects of doubly degenerate structure

Transition from 1/2 < 3/2

V15 J=2.44K, D=0.06J

V15 J=2.44K, D=0.06J
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Smooth magnetization process

INn the ground state
cf. Heisenberg spin models:
Limit of N infinity
Continuous energy levels vs. Gap

Finite system ( steps like magnetization in the
Heisenberg model, where [H,Mz]=0)

Adiabatic change: smooth magnetization process
at T=0

Some mixing term (quantum fluctuation)



Origin of the adiabatic change
[H,M._]£0 S ——
S: even Large S (S=10) Mnl12, Fe8

H = -D(S?)2 - hS*
+E((S")* - (9)%)
+C((S")* - (S)*) +etc.

..............
----------

S: odd (S=1/2) V15 No anisotropy & Kramers double t

Extra-degeneracy + Dzyloshinskii-Moriya interaction

SM, &. N. Nagaosa, Prog. Theor. Phys. 106 (2001)3%3



Dzyaloshinskii-Moriya interaction

e V15

* Fe-rings FelO,etc.
e Cu-Benzoate (1DH)
e SrCu2(B0O3)2 (SS)

Hy =2 S"AY'S) =2 9SS/ +Di (S X SJ’)
a.p a

symmetrigpart A" + A"

asymmetrippart A" — A

cf.
transverséeld H,S



DM Interaction

V15 J=2.44K, D=0.06J

10

| E(H)K]

{ f

2

S:odd (S=1/2) V15
Kramers doublet
No tunneling?

Extra-degeneracy +
Dzyloshinskii-Moriya
Interaction

SM, &. N. Nagaosa,
. Theor. Phys. 106 (2001) 533



Anisotropy of DM interaction

3
DM interaction on a triangle lattice

C.symmetry(axis//z)
1. [ZBU]XE:O’ 1 o
J

2. Dy [ is thesamdor allij

No adiabatic change if F]//E



Decoupling of states
H = H, + D, (S7S} - SXSZ)+ D, (s28) - 87S2)+ Dy (28! - 85'57)
+ d12 (Slyszz - Slzszy)"' d23(82y83Z - Szzssy)"' d31(83¥81Z - ngsly)

H o ‘+++>: (X31 B Xlz)‘_++>+ (Xlz B X23)‘+ _+>+ (X23 B X31)‘++_>

Xy, +X23)‘——+>+(X31—X12}+++

+
2 _
HDM ‘+++>_ 2X23 _2X12X31)
q 2 2 2)
T\ Xa1 — Xlz‘ + ‘Xlz - X23‘ + ‘X23 — Xy )T T +>
; — i27/3 i4ml3 —
If Xjp ¥ X5+ X33 =X, T € X, + € Xlz_o

(2X223 - 2X12X31): (2X'§1 - 2X12X23): (2X122 - 2X23X31): 0

+++)= |S=1/2,M = 1/2)=|a)= y|+++)
---)=>[S=1/2,M =-1/2)=|b)= y|- - -)
S=3/2,M =-1/2)=|S=1/2,M = 1/2)=|b) (alb)=0
S=3/2,M = 1/2)=[S=1/2,M =-1/2)=|b") (a'|b’)=0




Energy structure

with DM

13/2,3/23

No adiab
at H=0

atic change
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Anisotropy of the Gap: Hard axis
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-CIJI:I# -D.IDE III:I D.L‘E D.l;H
|.Chiorescu, W. Wernsdorfer, A. Mueller, SM, and B. Barbara:
PRB 67 (2003) 020402



Fe ring

Fe3* plays a role of a
localized spin with
=10 S=5/2 and L=0.
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9 4 Z Da (S Sj S Sj )
aij
8 0 C .
: i 10 +Reflection = S
. 5¢ - 53 S§ i
Mirror symmetry (Sg @1 &, [ & ) —>( 5 1 (13)
S: Sz S -8z

These transformations give

dse - (S5 X Sg)
= d2,(SUSE — SzSY) + dls(SE5E — S25%) + dis(S258 — S5YSE)
= d5e(—S5S7 + S5 S7) + d5s(S557 — S§57) + dge(—5§ 57 + S5 57)
= d5e(S7S5 — S753) — dig(S7S5 — 575%) + dse(S7 55 — 5755)-  (14)

Thus, we obtain df;, = d%;, diy = —d3g and di; = d33. When one divide
a d vector into a component parallel to the mirror plane and a component

1 1 | L1 - g i ' i al 2 1 B



A set of D vectors
from static regular structure

<l Homl s 1>=0

The DM interaction of the abo\® vectors is not
:> the origin of the peaks invifdH.




Osclillation of methyl groups

S fet ey Structure is measured B=226 K.
| ‘ Each ellipsoid shows 50% possibility.

000

Oblong thermal ellipsoids
with the longer radiua

4

Elastic constant of an elastic energy of a methyl group
IS briefly estimated al& ~ 0.67 kT /&

H. Nakano and SM: JPSJ 71 (2002) 2580

L D g Fe2'} C2!
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C11'



Change of state %
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Triangle system

H=J3)S B +) AS (&

<ij> i
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M(t) from the ground state

M(H@) |

= | /\/W\""““W‘W HY

P=|(G(Ho)|wet,))|
AE =./-2vlog(l—P)/ T

2 F AR
.00 D037l D.189&#1
0250 0.18087 018897
L.100 D.32d#1 018702
D00 DE#E3r® 018704
D028 D.&£878 D18704
D.0l10 D09=781 018704

Apparent LZS relation



Finite temperature

16

off — ZKi(Ho)‘ Wt )>‘
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Reaction to the nuclear spin

{ZSZ +af,H} 0,
| T M(H), o (H)

c.f {Z g/JBSZ + g/JNJiZ’ H} %0, 2+

)

I
|
N’ S’ N N




Effects of environments

1

J

v=0.01, and 0.05, J=10, a=0.1} gamma=0.1, T=0.2

M(H)

1L



Angle dependence of
the energy levels

=0 - 6=45 - 0=90

A 21;/




Nontrivial coherence




Fluctuation-induced adiabatic transition

Temporal symmetry-breaking induced DM interaction

NaV205 : charge fluctuation reduces the symmetry
=> virtual DM ESR
Nojiri, et al.: JPSJ 69 (2000) 2291
Fel2 . configuration fluctuation reduces the symmetry
=> virtual DM M(H)
H. Nakano and SM: JPSJ 71 (2002) 2580

SrCu2(B0O3)2 : configuration fluctuation reduces

the symmetry => Raman,ESR
Cepas and Zimann cond-mat 0401240
SM & Ogasahara: JPSJ 72 (2003) 2350

Charge transfer, Phonon,
Orbital degree of freedom, etc.



Fluctuation induced DM for a dimer

H =35, B, +d 0SS )+ H(S? +&)+kx +ip

d = dox % p|=in (x)=0
m=10,o0mega=0.1,D,=0.1
5

H= HSpin + HSP+ HPhonon E(H) 1 O_O

Hepn = 1S5,
¢ Hep = Z(ﬂkaE +a|:ak)D (S1xSz)

K

HPhonon = Zaf(al:ak

L K




Effect of bond fluctuation
A minimal model

H :Z(Jij +UZAJij)§i Egj +UZZBU |:_éix_S:J' +ao’

<ij > <ij>

<)




Small energy split at H=0

0.10 0.10 0.05 90

0.05 0.05 0.05 90

-0.88 -
E(H)

°8(<

-0.91

0 =90°



Quantum Switching
Memory: 2-valuestMetastability

Classical Hysteresis Quantum : Dynamics

Dissipation Nondiabatic change

ML Memory

B | Adiabatic change

No Hysteresis loss



2. Sweeping velocity control
H=JS(5,-D&xS; D= (0.100)

M(t)

Dimer model (J=1.0 and D,=0.1)

Swilching pulse 0 —> 2 Switching pulse 2 —> 0
bias field =-0.1

V1=0.001 and V2=1.0

Switching between different S values



3.Rotation of the field (or sample)
1

11
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My : I
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t _ : ,/" \\
O —tpmedi— g ¢+ gt |
.'n’.. N
1 .'.-5. I t-l t2 \\
R \
iy .
— 1
Dimer model (J=1.0 and D,=0.1) ﬂ
I =em
(H),M(H)

AN H Rosen-Zener ..
U process e




Magnetization as a function of magnetic field

1.2 I I I | ! ! | '
= 10 F g=2.16 x i
O J/J =05
" FAF
2 08 F J Ik =28.3K |
AF B
S -
= 0.6 F - Single -
N —  crystal
QO 04 / i
% Experiment (T=1.3 K)
CEU 0.2 Calculation (T=0.28K) _
--------- Calculation (T=1.4 K)
0.0 | | | | | ' '

0 5 10 15 20 25 30 35 40
Magnetic field (T)



H = Z J,Si[B;+Q- h(t)z S’

Adlal:_)atlc ZSX SY M, =Y
motion i
] M Z(t) — e|Ht/hM Ze IHt / 7
o in MO _ 1y H]=[m,.q] et
Heisenberg ot M RI=IM..Q) et
model Q=TM, Q-h(t)> s*=-hM
|h— [M -h M
ot
Torque equation a_M - M xh
ot

Response is the same as that of S=1/2 single spin
Weak coercive force



Quantum Control of state:

Non AdiabaticTransitions

Non-monotonic magnetization process
SM, &. N. Nagaosa, Prog. Theor. Phys. 106 (2001)3%3




Observation and Control
of the Quantum Dynamics

 Magnetic field

e Pressure

e Bias voltage

e Temperature

* Photo-irradiation
e etc.



Quantum Mechanical Response

* Molecular magnets:

Isolation o
Magnetic field QugHS  9.274x10 [‘]]
« Electric polarization :
couple to
distortion eE  1602x10*°]

Electric filed



Types of microscopic spin states

« Triangle lattice and odd rings A@

 Even rings
 New types of microscopic spin state
Non-collinear ferrimagnetism




Local magnetization

Distorted case (without C3 symmetry) A@

8) (S)(8)  (8+8+8)=2

+ - 4+
with C3 symmetry

(8): (). (S)  (S+5+8)=

2?7 7

N |~



Odd ring N=5

ONO,

Degenerate ground state|

> —2}°

Non-uniform



Even spin case N=6

| 1 1 1 1 1 1
I @ ° ° ®
- ® ® ® .
® ®
Ol & ® ® .
E ® ) )
L @ @ .
® ®
-2t ] 4
- - @mmmm Spin wave
B : ] |AF ] ] ] [
0] 2 4 §]
Uniform



N=12 Non-collinear Ferrimagnetism

J=J'=1, JFr=2



Uniformly fluctuating magnetic
state?

Spin wave type \LIJ>:iQ++—>+‘+—+>+‘-++>)

V3

Non-collinear ferrimagnetic state: ground state

J >7J: LMFR
J << J : Non-LMFR



LM & Non-Collinear
ferrimagnetism

RI=7A]
3

M=2
2 M=1 ®
T M=0
00 e+

J'/J



Uniform nonzero magnetization
In the ground state?

Ferri-magnetic state
* Lieb-Mattis type

Localized magnetic moment
* Non-collinear type

Uniform magnetic moment

S. Yoshikawa and S. Miyashita: JPSJ Supple 2005



Non-saturated magnetized state
J-< 0 (Ferro)

.

J J J,J >0 (AF)
N—18 M|=3 M|=l M|:2 M[=3
el Lo
= . | J >>J:LMFR
Ty { J <<J :Non-LMFR

1-—1& o%o L s
i M=0 e o

0




Magnetization processes

m

0.25F

hkﬂ6iii |
M<1/6

Gapless

L]
O

I'M]=0
J/J1=2




Phase diagram

J fixed
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As J’ increases the jJump of the magnetization becomes large.
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Local magnetic structures

LM phase
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