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Level splittings in exchange-biased spin tunneling
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Department of Physics, Sejong University, Seoul 143-747, Republic of Korea
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The level splittings in a dimer with antiferromagnetic coupling between two single-molecule magnets are
calculated perturbatively for arbitrary spins. It is found that the exchange interaction between two single-
molecule magnets plays an important role in the level splitting. The results are discussed in comparison with
a recent experiment.
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The quantum properties of single-molecule magnets h
generated considerable interest over the past decade in
nection with macroscopic quantum phenomena.1 High-spin
molecules with spin-10 Mn12 and Fe8 have been such goo
candidates because all the clusters are identical with no
persion on the size of the clusters and the number of in
action spins, and the spin ground state and magnetic an
ropy are known with great accuracy. These molecu
display particularly interesting phenomena such as quan
resonant tunneling2,3 and quantum phase interference.4 Such
phenomena have received much attention, both theoretic
and experimentally in view of macroscopic realization
quantum tunneling, and also because of the potential ap
cation to quantum computing.5 Many efforts have been mad
to understand their mechanisms by considering a giant
Hamiltonian with a single-molecule magnet.2,3,5,6Most of the
study has neglected exchange interactions that depend o
distance and nonmagnetic atoms in the exchange path
Recently, however, it has been reported that a supramol
lar single-molecule magnet dimer with antiferromagne
coupling exhibits quantum behavior different from that of t
individual single-molecule magnets.7 This result implies that
exchange interaction between two single-molecule mag
can have a large influence on the quantum properties
single-molecule magnets. It is therefore important to und
stand the effect of the exchange interaction on magnetiza
tunneling.

The issue of spin tunneling with exchange interaction
been raised by several groups.8 In their studies exchang
interaction is enhanced with magnetic anisotropy for stu
ing tunneling of the Ne´el vector in antiferromagnetic par
ticles. Using the instanton technique based on a s
coherent-state path integral, they calculated the tunne
rate of the Ne´el vector in uniaxial or biaxial antiferromag
netic particles. However, previous works applicable in
limit S@1 have been confined to spin tunneling of t
ground state in an antiferromagnetic particle having two c
linear ferromagnetic sublattices. In this paper, we study m
netic tunneling in a system of identical, antiferromagne
cally coupled dimers. By employing a perturbativ
approach,9,10 we obtain the level splitting of the states, d
generate pairwise for arbitrary spin in some typical cas
and show that even weak exchange interaction plays a
cial role in inducing spin tunneling.

The spin Hamiltonian of the dimer system can be writt
in the form
0163-1829/2003/67~2!/024421~5!/$20.00 67 0244
e
on-

is-
r-
ot-
s
m

lly
f
li-

in

the
ay.
u-

ts
of
r-
on

s

-

in
g

e

l-
g-
-

s,
u-

H5H11H21JŜ1•Ŝ2 , ~1!

where Hi ( i 51,2) is the Hamiltonian of each single
molecule magnet which can be modeled as a giant spin
Si . The corresponding Hamiltonian is given by

Hi52DŜzi
2 1H i

trans2HzŜzi , ~2!

whereD is the anisotropy constant andH i
trans includes the

transverse anisotropy or field. Also,H stands forgmBH
whereg is the electronicg factor andmB is the Bohr mag-
neton. Henceforth, we will usually drop the combinatio
gmB for better readability of the formula. Since the dim
consists of two single-molecule magnets with antiferrom
netic coupling, we takeJ.0 to be much less than the aniso
ropy constantD. The system has (2S111)(2S211) degen-
erate energy levels which in the absence of the transv
terms of Eq.~1! are labeled by the spin projectionM1 and
M2 on the z axis and given byEM1 ,M2

52D(M1
21M2

2)

1JM1M2. It can be easily checked that for the longitudin
field Hz satisfying

Hz5
D~M1

21M2
22M18

22M28
2!1J~M18M282M1M2!

M181M282M12M2

,

~3!

the energy levels are degenerate:

EM
18 ,M

28
5EM1 ,M2

. ~4!

Tunneling among the (2S111)(2S211) energy states is al
lowed by the transverse terms containingŜxi andŜyi . In the
case of small transverse terms, which are relevant for
dimer, the level splittings can be calculated in a more dir
and simple way using high-order perturbation theory. In su
cases, the level splitting of the degenerate level p
(M18 ,M28) and (M1 ,M2) is represented as the shortest cha
of matrix elements and energy denomenators connecting
statesuM18 ,M28& and uM1 ,M2& for typical situations which
will be considered.

Let us consider as model I the level splitting induced
the transverse terms in the exchange interaction:

H52DŜz1
2 2DŜz2

2 1JŜ1•Ŝ2 . ~5!

Noting thatŜ1•Ŝ25Ŝ1zŜ2z1
1
2 (Ŝ11Ŝ221Ŝ12Ŝ21) and con-

sidering Ŝ12Ŝ21 , the level splitting of the degenerate pa
©2003 The American Physical Society21-1
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(M18 ,M28), (M1 ,M2) appears only in the chain of matri
elements when connecting the statesuM181k,M282k& and
uM181k11,M282k21& where M1852M1 , M285M1.0,
M252M1, andk is an integer with 0<k<M1212M18 . It
corresponds to the level splitting of the degenerate p
(2M1 ,M1)→(M1 ,2M1). In this case the magnetic fiel
does not contribute to the level splitting and thereby the l
gitudinal field ~3! is not taken into consideration. Then, th
level splitting of the degenerate pair becomes

DEM
18M

28 ,M1M2
52VM

18M
28 ,M

1811,M
2821

1

EM
1811,M

28212EM
18M

28

3VM
1811,M

2821,M
1812,M

2822

3
1

EM
1812,M

28222EM
18M

28
. . .

3VM121,M211,M1M2
, ~6!

where

VM
18M

28 ,M
1811,M

28215^M18M28u
J

2
~Ŝ11Ŝ221Ŝ12Ŝ21!uM18

11,M2821&5
J

2
l M

1811,M
2821 , ~7!

l M
1811,M

2821

5A~S11M1811!~S12M18!~S22M2811!~S21M28!

are the matrix elements of the operatorŜ12Ŝ21 , and
EM

18M
28
52D(M18

21M28
2)1JM18M28 are the unperturbed en

ergy levels. TakingS15S2 in the ensuing discussion, w
calculate the product~6! and obtain the level splitting

DE2M1 ,M1 ,M1 ,2M1

5~4D12J!S J

4D12JD 2M1F ~S11M1!!

~S12M1!! ~2M121!! G
2

.

~8!

In the ground state (M15S1) the result~8! simplifies to

DE2S1 ,S1 ,S1 ,2S1
5~2S1!2~4D12J!S J

4D12JD 2S1

. ~9!

For large value ofM1 (S12M1 , M1@1), Eq. ~8! with the
help of the Stirling formula reduces to
02442
ir

-

DE2M1 ,M1 ,M1 ,2M1
5S 2D1J

p D S J

4D12JD 2M1

3F ~S11M1!2S1111M1

~S12M1!2S1112M1~2M1!4M121G .

~10!

Our next example, model II, corresponds to the case of tra
verse anisotropy in thexy plane:

H i
trans5B~Ŝxi

2 2Ŝyi
2 !. ~11!

Writing H i
trans5 1

2 B(Ŝ1 i
2 1Ŝ2 i

2 ) and choosingi 52, the level
splitting of the degenerate pair exists in the matrix eleme
when connecting the statesuM18 ,M2812k& and uM1 ,M28
12k12& where k is an integer with 0<k<(M22M28)/2
21 andM185M1. It corresponds to the level splitting of th
degenerate pair (M1 ,M28)→(M1 ,M2) whereM2.M28 , M28
,0, andM22M28 is even number. In the limitB!D the
level splitting of the degenerate states appears, minimally
the (M22M28)/2th order inB/D:

DEM
18M

28 ,M1M2
52VM

18M
28 ,M1 ,M

2812

1

EM1 ,M
28122EM

18M
28

3VM1 ,M
2812,M1 ,M

2814

3
1

EM1 ,M
28142EM

18M
28

. . .

3VM1 ,M222,M1M2
~12!

where

VM
18M

28 ,M1 ,M
28125^M18M28u

B

2
Ŝ22

2 uM1 ,M2812&

5
B

2
l̃ M

2811 l̃ M
2812 , ~13!

l̃ M
28
5A(S21M28)(S22M2811) are the matrix elements o

the operatorŜ22, and EM
18M

28
52D(M18

21M28
2)1JM18M28

2Hz(M181M28) are the unperturbed energy levels. Since
pair states are degenerate for the values of the longitud
field Hz52D(M21M28)1JM1 from Eq. ~3!, the elements
EM1 ,q2EM

18M
28

in the denominators of Eq.~12! where q

5M2812,M2814 . . .M222, become independent uponM18
and M1. Also, noting that Eq.~13! is only dependent upon
M28 , the formula for the level splittings is expected to b
independent ofM18 andM1 and reads
1-2
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TABLE I. The level splitting (DE) of the low-lying degenerate pair (M18 ,M28), (M1 ,M2) in Mn4, the
resonant field (Hz) from Eq.~3!, and the physical origins which induce level splittings.B;Hx;0.1 K is for
illustration. The numbers, labeled 1–5 in the first column, indicate the transitions claimed as the str
tunnel resonances in Ref. 7. Note that (M1 ,M2) and (M2 ,M1) are degenerate.

Number (M18 ,M28)→(M1 ,M2) Hz ~T! DE ~K! Main sources of splittings

1 (29/2,29/2)→(29/2,9/2) 20.336 2.0231024 B, Hx

(29/2,29/2)→(9/2,9/2) 0 0
2 (29/2,29/2)→(29/2,7/2) 0.202 1.7631023 B

(29/2,29/2)→(9/2,7/2) 0.233 0
(29/2,7/2)→(9/2,7/2) 0.261 2.0231024 B, Hx

3 (29/2,9/2)→(9/2,9/2) 0.336 2.0231024 B, Hx

4 (29/2,29/2)→(29/2,5/2) 0.739 1.1931023 B, Hx

5 (29/2,9/2)→(7/2,9/2) 0.873 1.7631023 B
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DEM
18 ,M

28 ,M1 ,M2

52DS B

2D D (M22M28)/2A~S21M2!! ~S22M28!!

~S22M2!! ~S21M28!!

3
dM

18 ,M1

@~M22M2822!!! #2
, ~14!

which seems to be the same expression as that in the si
molecule magnet.11 However, the exchange interaction b
tween two single-molecule magnets contributes to
level splittings via the longitudinal field~3! and dM

18 ,M1
in

Eq. ~14!.
Our final example, model III, is described by

H trans52Hx~Ŝx11Ŝx2!, ~15!

whereHx can be an internal or external magnetic field. Usi
Ŝxi5(Ŝ1 i1Ŝ2 i)/2 and considering the case ati 52, the
level splitting of the degenerate pair appears in the ma
elements when connecting the statesuM18 ,M281k& and
uM1 ,M281k11& where k is an integer with 0<k<M2

2M2821 andM185M1. It corresponds to the level splittin
of the degenerate pair (M1 ,M28)→(M1 ,M2) where M2

.M28 , M28,0, andM282M2 can be any integer. Thus, th
level splitting is represented as

DEM
18M

28 ,M1M2
52VM

18M
28 ,M1 ,M

2811

3
1

EM1 ,M
28112EM

18M
28
VM1 ,M

2811,M1 ,M
2812

3
1

EM1 ,M
28122EM

18M
28

. . . VM1 ,M221,M1M2
,

~16!

where
02442
le-
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VM
18M

28 ,M1 ,M
28115^M18M28u2

Hx

2
Ŝ22uM1 ,M2811&

52
Hx

2
l̃ M

2811 . ~17!

Since the unperturbed energy levelsEM
18M

28
and the resonan

field Hz are the same as the ones in model II, it is a
expected that the level splitting becomes independent ofM18
andM1. Therefore, in the limit of small transverse field th
level splitting is given by

DEM
18 ,M

28 ,M1 ,M2

52DS Hx

2D D M22M28A~S21M2!! ~S22M28!!

~S22M2!! ~S21M28!!

3
dM

18 ,M1

@~M22M2821!! #2
, ~18!

which is similar to that in the single-molecule magnet. Th
result shows that exchange interaction between two sin
magnets makes a contribution to the level splitting throu
the resonant fieldHz52D(M21M28)1JM1 anddM

18 ,M1
in

Eq. ~18!.
Even though we have separately considered the probl

in models II and III, both the transverse field and the tra
verse anisotropy are present in some cases. In the presen
B, andHx being of the same order of magnitude, the effect
the transverse field on level splitting is weaker than that
the transverse anisotropy, as is evident in Eqs.~14! and~18!.
Thus, we can neglect the transverse field contribution to
splittings. However, sinceM22M28 is odd, the transverse
field should be included in the level splitting through th
single perturbation step along the chain connecting the
generate states (M18 ,M28) and (M1 ,M2) whereM185M1 and
M28,0. Hence, the corresponding level splitting become
1-3
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DEM
18M

28 ,M1 ,M2
52VM

18M
28 ,M1 ,M

2811
(H) 1

EM1 ,M
28112EM

18M
28
VM1 ,M

2811,M1 ,M
2813

(B)
. . . VM1 ,M222,M1M2

(B)

12VM
18M

28 ,M1 ,M
2812

(B)
. . . VM1 ,M223,M1M221

(B) 1

EM1 ,M2212EM
18M

28
VM1 ,M221,M1M2

(H)

12 (
k5M2812

M2-3 F )
p15M2812

k

VM1 ,p122,M1 ,p1

(B) GVM1 ,k,M1 ,k11
(H) F )

p25k11

M2-2

VM1 ,p2 ,M1 ,p212
(B) G

3S )
q15M2812

k
1

EM1 ,q1
2EM

18M
28
D S )

q25k11

M2-2
1

EM1 ,q2
2EM

18M
28
D , ~19!
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where the matrix elementsV(B) and V(H) are expressed a
Eqs.~13! and~17!, respectively. The sum in Eq.~19! can be
calculated by using the formula

(
p50

r
~2p21!!! ~2r 22p21!!!

~2p!!! ~2r 22p!!!
51, ~20!

and the resulting splitting for the odd resonance become

DEM
18 ,M

28 ,M1 ,M2

5HxS B

2D D (M22M28)/2A~S21M2!! ~S22M28!!

~S22M2!! ~S21M28!!

3
dM

18 ,M1

@~M22M2822!!! #2
. ~21!

To illustrate the results with a concrete example, let us c
sider a supramolecular dimer Mn4 O3 Cl4 (O2 CEt)3 (py)3
~hereafter Mn4). This compound contains three Mn31 ions
and one Mn41 ion with the axial anisotropy constant (D
.0.72 K!, and exchange coupling (J.0.1 K! between them
leads to the@Mn4#2 dimer having a ground-state spin ofS1
5S259/2. At very low temperature, most of the excite
states can be neglected. Thus, as is listed in Table I,
low-lying states are involved in magnetization reversal
very low temperature in the presence of the longitudi
field. At high negative field, the initial state becom
(29/2,29/2). As the magnetic field increases, the first le
crossing occurs in the degenerate pair (29/2,29/2),
(29/2,9/2) atHz520.336 T which corresponds to the od
resonance, i.e.,M22M285odd. In this case the main source
of the level splitting can be either the transverse anisotr
or the transverse field. Meanwhile, since the hystersis lo
in experiment7 display steplike features at even resonan
Hz50.202 T and 0.873 T, at least the transverse anisotr
should contribute to the level splittings. In this respect, b
02442
-
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t
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l

y
s
,
y

h

the transverse anisotropy and the transverse field induce
level splittings in the odd resonance and thereby the tra
tion between (29/2,29/2) and (29/2,9/2). At the next level
crossing atHz50 T, the degenerate pair is (29/2,29/2)
and (9/2,9/2). The possibility of tunneling from (29/2,

29/2) to (9/2,9/2) requires terms such as eitherŜ11Ŝ21 or

Ŝ12Ŝ22 in the spin Hamiltonian. However, there is no su
transverse terms in the Hamiltonian~1! which induces the
level splitting between them. For this reason the steplike f
ture is absent in the hystersis loop at 0 T while a stro
quantum step atHz50 is present in other single-molecu
magnets.2,3 The situation is analogous to that in the ca
(29/2,29/2)→(9/2,7/2). The next level crossing occurs
the degenerate pair (29/2,29/2) and (29/2,7/2) which cor-
responds to the number 2 in Table I. In this situation the le
splitting is induced only by the transverse anisotropy due
the even resonance. The avoided level crossing atHz

50.261 T unclaimed in the experiment occurs fro
(29/2,7/2) to (9/2,7/2). Actually, the corresponding pe
position is shown in the experiment results~Fig. 4 in Ref. 7!.
The level crossings atHz50.336 T and 0.739 T allow tun
neling from (29/2,9/2) to (9/2,9/2) and from (29/2,29/2)
to (29/2,5/2), respectively, which correspond to the o
resonance. AtHz50.873 T the avoided level crossing ca
occur from (29/2,9/2) to (7/2,9/2) with finite level splitting
which originates from the transverse anisotropy. Finally, it
interesting to estimate the level splitting induced by t
transverse exchange interaction. Inserting the value ofD and
J into Eq. ~9!, the level spitting is of the order of 10211 K
which is much smaller than that induced by the transve
anisotropy or the transverse field. As a result, the m
sources of the steplike features in the hysteresis loops of
@Mn4#2 dimer are the transverse anisotropy and the tra
verse field, and each half of the dimer acts as a field bias
its neighbor via the exchange interaction within@Mn4#2.

In conclusion, we have considered the level splitting in
dimer with antiferromagnetic coupling between two sing
molecule magnets. A perturbation approach allows us to
tain the level splitting of the states, degenerate pairwise
1-4
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arbitrary spin, in the presence of the exchange interactio
is found that the level splittings are strongly affected by
exchange interaction as well as the transverse anisotropy
the transverse field. In comparison with recent experime
results, the level splitting of the low-lying degenerate p

*Electronic address: gkim@sejong.ac.kr
1Quantum Tunneling of Magnetization—QTM ’94, edited by L.

Gunther and B. Barbara~Kluwer Academic, Dordrecht, 1995!;
E. M. Chudnovsky and J. Tejada,Macroscopic Quantum Tun
neling of the Magnetic Moment~Cambridge University Press
New York, 1998!.

2L. Thomas, F. Lionti, R. Ballou, D. Gatteschi, R. Sessoli, and
Barbara, Nature~London! 383, 145 ~1996!; J. R. Friedman, M.
P. Sarachik, J. Tejada, and R. Ziolo, Phys. Rev. Lett.76, 3830
~1996!.

3C. Sangregorio, T. Ohm, C. Paulsen, R. Sessoli, and D. Gatte
Phys. Rev. Lett.78, 4645 ~1997!; R. Caciuffo, G. Amoretti, A.
Murani, R. Sessoli, A. Caneschi, and D. Gatteschi,ibid. 81,
4744 ~1998!; W. Wernsdorfer, T. Ohm, C. Sangregorio, R
Sessoli, D. Mailly, and C. Paulsen,ibid. 82, 3903~1999!.

4D. Loss, D. P. DiVincenzo, and G. Grinstein, Phys. Rev. Lett.69,
3232 ~1992!; J. von Delft and C. L. Henley,ibid. 69, 3236
~1992!; A. Garg, Europhys. Lett.22, 205 ~1993!; W. Wernsdor-
fer and R. Sessoli, Science284, 133 ~1999!.

5M. N. Leuenberger and D. Loss, Nature~London! 410, 789
~2001!; J. Tejada, E. M. Chudnovsky, E. del Barco, J. M. He
nandez, and T. P. Spiller, Nanotechnology12, 181 ~2001!.

6D. A. Garanin and E. M. Chudnovsky, Phys. Rev. B56, 11 102
~1997!; V. V. Dobrovitski and A. K. Zvezdin, Europhys. Lett.38,
02442
It
e
nd
al
r

has been estimated for several cases and the main sourc
each resonance have been clarified.

This work was supported by Grant No. R01-1999-00
00026-0 from the Basic Research Program of the Korea
ence and Engineering Foundation.

.

hi,

377 ~1997!; L. Gunther, ibid. 39, 1 ~1997!; K. Saito, S. Mi-
yashita, and H. de Raedt, Phys. Rev. B60, 14 553~1999!; G.-H.
Kim and E. M. Chudnovsky, Europhys. Lett.52, 681 ~2000!; L.
Bokacheva, A. D. Kent, and M. A. Walters, Phys. Rev. Lett.85,
4803 ~2000!; E. Rastelli and A. Tassi, Phys. Rev. B64, 064410
~2001!.

7W. Wernsdorfer, N. Aliaga-Alcalde, D. N. Hendrickson, and
Christou, Nature~London! 416, 406 ~2002!.

8B. Barbara and E. M. Chudnovsky, Phys. Lett. A145, 205~1990!;
I. V. Krive and O. B. Zaslavskii, J. Phys.: Condens. Matter2,
9457 ~1990!; E. N. Bogachek and I. V. Krive, Phys. Rev. B46,
14 559~1992!; J.-M. Duan and A. Garg, Physica B194-196, 323
~1994!; E. M. Chudnovsky, J. Magn. Magn. Mater.140-144,
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