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Magnetic structures
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Quantum world
Molecular (bottom-up) approach

Classical world
Classical (top-down) approach

Angew. Chem. Int. Ed. 43, 2117 (2004)

>

KIT

wolfgang.wernsdorfer @kit.edu

Lecture 9



Single-molecule

1980

_ Lis,

Christou, 2004



Crystal of SMMs
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Micro-SQUID array

crystal

B A
- ===

e crystal size > few ym

*1071? to 1017 emu

e temperature 0.03 -7 K

e field <14 T and <20 T/s

* rotation of field

e transverse field sh

o several SQUIDs at different!”
positions s

« >

W.W. Adv. Chem. Phys. 118, 99 (2001) 50 um
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Micro-magnetometry

e u-Hall Effect e u-SQUID

sample sample

= s

1to 10 ym

Hall bars Jospheson Junctions

— Based on Lorentz Force

— Measures magnetic field — Based on flux quantization

— Measures magnetic flux

ol
Vy=—M — Applied fields below the
e itical field (~1 T)
— Large applied in-plane uppercr
magnetic fields (>20 T) — Low temperature (below T,)
— Broad temperature range — Single magnetic particles

— Single magnetic particles

— Ultimate sensitivity ~102 pg = LALmED SEmsnvgy = s

L - it.
ecture 9 wolfgang.wernsdorfer @kit.edu A\‘(IT



Giant spin approximation (Fey)

FeIII
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Giant Spin Hamiltonians

Nanoparticle:
E=-K, cos®0 + K ;sin®0 cos®d + ... + ug M H
E=E, () -u,MgmH
(Stoner and Wohlfarth)

Single spin model:

H =—DS§+ES)2( + .. +guBuO§ﬁ
(Schroedinger, Heisenberg)

hl'T

Semi-classical spin
Z :fD{cosE)}D{q)}exp[—%fdt S(cosd —1)— H(O, d)
Jo

(Path intergral formalism of Feynman)
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Single spin model
H=-DS’+ES +..+gu,S H

Choice of quantification axis: Sz — direction

Choice of the base

Matrix elements: Em , = <S,m‘H ‘ S,n>

S,m) withm = -S,~(S-1), ..., S

0O
4
Diagonalisation: 9_1'2 i D m?2
e cigen-values (energy é-m B
levels) € 20 |-
* eigen-vectors -24 -
e transition amplitudes 28 I
e expectation values 52 -1lo|-; I-L | I4 I-Iz | <I> | ; | éll | cla | zlz |1|o|
m

Lecture 9 wolfgang.wernsdorfer @kit.edu &‘(IT



Single spin model

2 2 2 O T7
H=-DS§: +E(Sx —Sy)+guBS H
using the spin raising and lowering opertators Si =S - l Sy
H=-DS:+E/2(S]+52)+gu,S H

S’ Sm>= ”‘S m>

S

+

\/S S+1)-m(m=1)|S,m=1)

][S(S+1) (mil)(mi2)]‘5,m12>
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Single spin model
E,, = <S,m‘H‘S,n>

(04 [3)_._1 Y.
B o * *
o 0
* * * *
* * % * *
H =
* s * #* *
* * * * *
0 S
sk * o _ B
Y. By @
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magnetic anisotr@egman energy
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Energy levels: Zeeman diagram
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Tunneling probability at an avoided level crossing
Landau-Zener model (1932)

® general result for a single level crossing

(A—h A )
H =
A B-h

® solution of the Schroedinger equation

0
H| Y=in—
| y=in | )

energy

|S, m>

magnetic field o= &
2h guglm - m'|pg

L. Landau, Phys. Z. Sowjetunion 2,46 (1932); C. Zener, Proc. R. Soc. London, Ser. A 137, 696, (1932); E.C.G.
Stiickelberg, Helv. Phys. Acta 5,369 (1932); S. Miyashita, J. Phys. Soc. Jpn. 64,3207 (1995); V.V. Dobrovitski
and A K. Zvezdin, Euro. Phys. Lett. 38,377 (1997); L. Gunther, Euro. Phys. Lett. 39,1 (1997); G.Rose and
P.C.E. Stamp, Low Temp. Phys. 113, 1153 (1999); M. Leuenberger and D. Loss, Phys. Rev. B 61, 12200 (2000);
M. Thorwart, M. Grifoni, and P. Hiinggi, Phys. Rev. Lett. 85, 860 (2000); ...
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Energy (K)

w N
o o

A
O

1 mK Application of
- Landau-Zener
I tunneling
! cewe Feg S=10
: f v=14 mT/s
: —v=2.8| mT/s
-—::F"'
TS S T

7 7]
’QQ '
8 o l w
= o~ ]
9 . \l\l l 9 H=—DS§+E(S§_S§)+gMB§ﬁ
10 | | L 10 with $ =10,D = 0.27 K, E = 0.046K
1 -0.5 0 0.5 1
”OHZ (T) l ﬂ(IT



Field sweep rate dependence of Landau-Zener tunneling

Landau-Zener tunneling 1.2
probability P L
A? < 08f
P=1- CXpP|— T S
47 gugSdH /dt| = o6
<
0.4}
= A =\/—4h 28 Sn[1-P]  of
T dt P=0.3
dH 105 00001 0001 001 01 1
=A = f(g) o dH,/dt (T/s)
fullfilled for P< 0.04 Jie Liu, Biao Wu, Li-Bin Fu, R.B.

Diener, and Qian Niu
cond-mat/0105497, PRB’ 02
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Field sweep rate dependence of Landau-Zener tunneling

106 ——rrrm —
Landau-Zener tunneling o er = 0085 T
probability P a 057 T4
, > cr=0.043 T
P =1-exp|- e } s T H,,=0.029T
4h gugSdH /dt| @ - '
sHB [ //' Her = 0.015 T
§ o/e/e—-«a—*——e—e o eH o 0T 1
4 H = .
= A= \/- hgwps dH ) p e 17—
10-7b— il Y B
0.01 0.1 10

= A = f(d—H)
dt

fullfilled for P < 0.04

1
uod H,/dt (T/s)
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Giant spin Hamiltonian ot Feg
2 2 2 S T
H=-DS,+E(S; -S;)+gugSH

S(H, + S;H, + S, H,

easy axis

A\Z

hard axis \

easy plan YZ
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Hysteresis loops at different transverse fields

1 b o9
0.92} H¢
0941 4H,/dt =

0.5 I -096F 1.4 mTss
0.98}

s 1]

SO o4

=

-0.5 F
dH,/dt = 14 mT/s

-1 | |
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Quantum phase interference (Berry phase)

in single-molecule magnets

| | = g | |
v . . easy axis
” 10 p=90%" @7 50° =20 A\Z
N N ‘ P
e
I ¢t . 70
o | P=
Q_ [ SScceP
» N
e | ¢=0°
5 | X
=T M=-10 — 10 | hard axis \
0_ 1 | | | | | |
0O 02 04 06 08 1 12 14 easy plan YZ
Transverse field (T)
W. Wernsdorfer and R. Sessoli, Science 284,133 (1999)
Lecture 9

wolfgang.wernsdorfer @kit.edu Q(IT



Giant spin model

Spin Hamiltonian: H = -D s§ +E (Si - Sg) +gugSH

10

0

X.10
>
(@)

o -20
-
Ll

-30

_40
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Transverse field dependence of tunnel splitting
(operator formalism)

I I I | | /I | | i
<10k 0 i =90° / ]
C10F  9=90° %00 o . P e
o [ p= 3 :
2 _ 30° ;
3 - : 20°/
(o) o=
E 1Ll A 4 TE 10— 4
a [ ]
» B \ . N 5° 1
8 ¥ p=0° i f Oo’“:
c
e M=-10 -> 10 0.1¢ / E

01 | | | | | | - ] ] ] -
0 02 04 06 0.8 1 1.2 14 0 0.2 0.4 0.6 0.8 1 1.2
Magnetic transverse field (T) Magnetic tranverse field (T)
2 2 2 4 4 e
H=-D§, +E(S+ +S_)+C(S+ +S_)+guB SH
-5
D=0.292K, E=0.046K, C=-2.9x10 "K
W. Wernsdorfer and R. Sessoli, Science 284,133 (1999)
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Path integrals (Feynman)

Path-integral partition function:
1 hl'T
Z :fD{B}D{q)}eXp —%J;d‘c L E]

where Ly is the Euclidean magnetic Lagrangian related to the
real-time Lagrangian L through Ly =- Et  -it)
hl'T

7 :fD{cos@}D{q)}exp!—%fdt S(cosO —1)— H(O, ¢)
Jo

e extremal trajectories that minimize the Euclidian action,at T =0
A\Z

destructive interference occures whenever
the shaded area is knt/S, for odd k.

A. Garg, Europhys. Lett. 22, 205 (1993)
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Transverse field dependence of tunnel splitting

(path integrals formalism)

| | | | |
107_ //
105| ¢ =902 _50° 3
¥t 20° -
“i]OOO_ -Ioo =
o — ] _
Z 1o} > -
< N _
0.1 . 0° -
X ‘; Y | -
0.00‘I | | | | |
0] 0.5 1 1.5 2 2.5 3
”OHtrans(T)

H=-DS;+E(S; -S})+gupSH
A. Garg, Europhys. Lett. 22, 205 (1993)
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Transverse field dependence of tunnel splitting
(path integrals formalism)

M. Enz and R. Schilling R.,J.Phys.C ,19 (1986) L.711

J.L. Van Hemmen and S. Siito, Europhys. Lett. 1,481 (1986)

D. Loss, D.P. DiVincenzo, and G. Grinstein, Phys. Rev. Lett., 69, 3232 (1992)
J. von Delft and C. L. Hendey, Phys. Rev. Lett., 69,3236 (1992)

A. Garg, EuroPhys. Lett. 22, 205 (1993).

A. Garg, J. Math. Phys. 39, 5166 (1998).

A. Garg, Phys. Rev. Lett. 83, 4385 (1999).

A. Garg, Phys. Rev. B 60, 6705 (1999).

E. Kececiolu and A. Garg, Phys. Rev. B 63, 064422 (2001).

A. Garg, EuroPhys. Lett. 50, 382 (2000).

S.E. Barnes, cond-mat/9907257.

J. Villain and A. Fort, Euro. Phys. J. B 17, 69 (2000).

J.-Q. Liang, H.J.W. Mueller-Kirsten, D.K. Park, and F.-C. Pu, Phys. Rev. B 61, 8856 (2000).

Sahng-Kyoon Yoo and Soo-Young Lee, Phys. Rev. B 62, 3014 (2000).

Sahng-Kyoon Yoo and Soo-Young Lee, Phys. Rev. B 62, 5713 (2000).

ML.N. Leuenberger and D. Loss, Phys. Rev. B 61, 12200 (2000).

ML.N. Leuenberger and D. Loss, Phys. Rev. B 63, 054414 (2001).

Rong Lii, Hui Hu, Jia-Lin Zhu, Xiao-Bing Wang, Lee Chang, and Bing-Lin Gu, Phys. Rev. B 61, 14581 (2000).
Rong Lii, Su-Peng Kou, Jia-Lin Zhu, Lee Chang, and Bing-Lin Gu, Phys. Rev. B 62, 3346 (2000).

Rong Lii, Jia-Lin Zhu, Yi Zhou, and Bing-Lin Gu, Phys. Rev. B 62, 11661 (2000).

Y.-B. Zhang, J.-Q. Liang, H.J. W. Miiller-Kirsten S.-P. Kou, X.-B. Wang, and F.-C. Pu, Phys. Rev. B 60, 12886 (2000).
Yan-Hong Jin, Yi-Hang Nie, J.-Q. Liang, Z.-D. Chen, W.-F. Xie, and F.-C. Pu, Phys. Rev. B 62, 3316 (2000).
E.M. Chudnovsky and X.Martines Hidalgo, EuroPhys. Lett. 50, 395 (2000).
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Parity of level crossings
100 e | | |

0.1 | | | |

U 0 H X (T)
W. Wernsdorfer and R. Sessoli, Science 284, 133 (1999)
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Parity of level crossings

(operator formalism)

| | | | |
<
N~
o 10
g 10¢ E B
m - 4 -
£ -
= 1L =10 -
3 - M=-10 > 9
) -
c
- M=-10 -> 10 0.1F M=-10 -> 10 \
O 1 | | | | | | ] ] - \Il "I ]

04 -02 0 02 04 06 08 1 1.2 1.4 0 0.2 0.4 0.6 0.8 1 1.2
Magnetic transverse field (T) Magnetic transverse field (T)

2 2 2 4 4 ~x
H=-D§, +E(S++S_)+C(S++S_)+guB SH

D=0.292K, E=0.046K, C=-2.9x 10_5 K
W. Wernsdorfer and R. Sessoli, Science 284,133 (1999)
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Transverse field dependence of tunnel splitting of
Mn12 acetate

H=AS +BS!+C(S!+S!)+gu,S. H

HF-EPR (Barra et al. EPL'96): A=-056K B=-1110"K (C=29 107K

tunnel splitting A (K)

I I
O 05 1 1.5 2 25 3 35 4

Lecture 9 IJOHtrans(T) A\‘(IT



Spin-parity dependent quantum tunneling

Kramers theorem: No matter how unsymmetric the crystal field, a system possessing an odd
number of electrons must have a ground state that is at least doubly degenerate,
even in the presence of crystal fields and spin-orbit interactions
H.A. Kramers, Proc. Acad. Sci. Amsterdam 33, 959 (1930)

Mesoscopic systems:

J.L. Van Hemmen and S. Siito, Europhys. Lett. 1,481 (1986)
D. Loss, D.P. DiVincenzo, and G. Grinstein, Phys. Rev. Lett., 69,3232 (1992)
J.von Delft and C. L. Hendey, Phys. Rev. Lett., 69,3236 (1992)

—_
Q
N

S =9/2

Tunnel splitting A

10-5

04 03 02 -01 0 01 02 03 04
Transverse field
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Mn, single-molecule magnets

M”403(0S1M33)(02CM3)3(dbm)3 [Mn4(02CMe)2(dem)d[ClO4]2
S=9/2 S=8
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Hysteresis loops of Mn, single-molecule magnets

M”403(0S1M33)(02CM3)3(dbm)3 [Mn4(02CMe)2(dem)d[ClO4]2

1F [ [
0.035 T/s

M/M,
o

-1 -0.5 0 0.5 1 -1 =0.9 0 0.5 1
UAHZ (T) uOHZ (T)

MnV S, =3/2

Mnlll S, =2
S =9/2 S=38
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Spin-parity dependent quantum tunneling

8 | | | | |
7L 4 .
Mn4 ) f
6 S =9/2f " .
5| J N4 | s=92
o 4 e H,=4.6T
gl ) < ';: S=8 Ay =1.9*107 K
— ;:\‘ "",J J F e8 - f/= 85 .
3 ‘C:\ (,'," S =10 1 4a,=028*10"k
IR T 4 1 s=10
° ‘ 4 7 H,=40T
< P X F . Ay = 0.94*107 K
O | ] | | |
-0.02 0 002 004 006 008 0.1
Htrans/Ha
Environnemental effects
e hyperfine interaction (nuclear spins) PRB 65,
* dipolar interaction between molecules 180403 (2002)
e exchange interaction between molecules
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Environnemental effects on the spin-parity
dependent quantum tunneling

e hyperfine interaction (nuclear spins)
 dipolar interaction between molecule

10-8

107 WYL

i measured
109 | " ——E=3.2%10 2K
[ +B44=3*1O_5

10-11 +B66= 2*10- 6

105

10-62

measured

——E=3.2%10 2K
—= By, =3*10 °K
\ 4 —*—Bgg = 2¥10- 6 K
10-8 ' ' ' ' ' ' ' 10-13 ' ' '

107

Tunnel splitting A (K)

" Htrans =0
I

-0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25 0:3 0 0.2 0.4 0.6 0.8 1
Transverse field (T) Transverse field (T)

=> 35 mT of dipolar fields are sufficient to explain the data for small transverse fields
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Quantum phase interference and spin parity in Mn,,

W. Wernsdorfer, N. E. Chakov, G. Christou, PRL 95, 037203 (2005)
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