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Level splittings in exchange-biased spin tunneling
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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 propertlgs of single-molecule magnets. have H=H1+H2+J§1-§2, 1)
generated considerable interest over the past decade in con- _ _ o _
nection with macroscopic quantum phenoméndigh-spin ~ Where 7; (i=1,2) is the Hamiltonian of each single-
molecules with spin-10 My and Fg have been such good molecule magnet WhICh can be.mo'delgd as a giant spin of
candidates because all the clusters are identical with no dis® - The corresponding Hamiltonian is given by
persion on the size of the clusters and the number of inter- a0 trans -
action spins, and the spin ground state and magnetic anisot- Hi==DSy+ Hi™ ™ HS,, )
ropy are known with great accuracy. These moleculesvhereD is the anisotropy constant arfd ™ includes the
display particularly interesting phenomena such as quantuntansverse anisotropy or field. Alsé] stands forgugH
resonant tunnelirfg and quantum phase interfererfc8uch whereg is the electronia factor andug is the Bohr mag-
phenomena have received much attention, both theoreticallyeton. Henceforth, we will usually drop the combination
and experimentally in view of macroscopic realization of gug for better readability of the formula. Since the dimer
qguantum tunneling, and also because of the potential applisonsists of two single-molecule magnets with antiferromag-
cation to quantum computimgMany efforts have been made netic coupling, we takd>0 to be much less than the anisot-
to understand their mechanisms by considering a giant spirppy constanD. The system has & +1)(2S,+ 1) degen-
Hamiltonian with a single-molecule magrfet>®Most of the ~ erate energy levels which in the absence of the transverse
study has neglected exchange interactions that depend on tigfms of Eq.(1) are labeled by the spin projectidvi; and
distance and nonmagnetic atoms in the exchange pathwalyl, on the z axis and given byEy_ w,=—D(M7+M?)
Recently, however, it has been reported that a supramolecu-JM;M,. It can be easily checked that for the longitudinal
lar single-molecule magnet dimer with antiferromagneticfield H, satisfying
coupling exhibits quantum behavior different from that of the
individual single-molecule magnet&his result implies that D(M2+M2—M}2—M}?)+I(MIMs—MM,)
exchange interaction between two single-molecule magnets H:= ; ;
can have a large influence on the quantum properties of Mi+Mz=M; =M,
single-molecule magnets. It is therefore important to under- ®)
stand the effect of the exchange interaction on magnetizatiotihe energy levels are degenerate:
tunneling.

The issue of spin tunnelin?fbwith exchange interaction has Em: M =Emym, (4)
been raised by several groupsn their studies exchange . .
interaction is enhanced with magnetic anisotropy for study-1Unneling among the (&+1)(2S,+1) energy states is al-
ing tunneling of the Nel vector in antiferromagnetic par- lowed by the transverse terms containag andSy;. In the
ticles. Using the instanton technique based on a Spiﬁase of small transverse terms, which are relevant for the
coherent-state path integral, they calculated the tunnelingimer, the level splittings can be calculated in a more direct
rate of the Nel vector in uniaxial or biaxial antiferromag- and simple way using high-order perturbation theory. In such
netic particles. However, previous works applicable in thecases, the level spliting of the degenerate level pair
limit S>1 have been confined to spin tunneling of the(Mj,Mj) and M,M,) is represented as the shortest chain
ground state in an antiferromagnetic particle having two col-of matrix elements and energy denomenators connecting the
linear ferromagnetic sublattices. In this paper, we study magstates|M;,M2) and [M,,M,) for typical situations which
netic tunneling in a system of identical, antiferromagneti-will be considered.
cally coupled dimers. By employing a perturbative Let us consider as model | the level splitting induced by
approach;'° we obtain the level splitting of the states, de- the transverse terms in the exchange interaction:
generate pairwise for arbitrary spin in some typical cases, A R o
and show that even weak exchange interaction plays a cru- H=-DS4-DS&5,+JS,-S,. 5)
cial role in inducing spin tunneling. ) A oA A oA A 4 A 4

The spin Hamiltonian of the dimer system can be writtenNoting thatS, - $,=$,,5,,+ 3(S1+S,- +$;-$,+) and con-
in the form sideringS;_S,, , the level splitting of the degenerate pair
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(M1,M3), (M1,M,) appears only in the chain of matrix 2My
elements when connecting the statés; +k,M;,—k) and AE vy my My My =
IM]+k+1M;—k—1) where M;=—-M;, M;=M;>0,

M,=—M,, andk s an integer with &cksM;—-1-Mj. It

corresponds to the level splitting of the degenerate pair
(=M{,M1)—(M1,—Mj). In this case the magnetic field %
does not contribute to the level splitting and thereby the lon-

gitudinal field (3) is not taken into consideration. Then, the

level splitting of the degenerate pair becomes

2D+J

™

J
4D+2J

(Sl+ M1)281+1+M1
(Sl_ Ml)251+l—Ml(2M1)4M1—1
(10

Our next example, model Il, corresponds to the case of trans-
1 verse anisotropy in thry plane:

AEM;M;,MIMZZ2VM1M£,M£+1,M£—1EM,+1’M/71_EM/M/ -
C o HI*=B(5;-§])). (1)
XVmirimy—1m]+2m)-2
Writing 1 "= 1B(&2,+ &2 ) and choosing=2, the level
« 1 o splitting of the degenerate pair exists in the matrix elements
En+2my—2~ Emimg when connecting the statgdl;,M;+2k) and |[M;,M,
+2k+2) wherek is an integer with &sk<(M,—M)/2
XVM, = 1M, + 1M My (6)  —1 andM;=Mj. It corresponds to the level splitting of the
degenerate paiM,,M3;)—(M1,M,) whereM,>M;, M,
where <0, andM,—Mj is even number. In the limiB<D the
level splitting of the degenerate states appears, minimally, in
the (M,—M)/2th order inB/D:

J . . A
VMiMé,MiJrl,Méfl:(MiMé|§(Sl+Szf+Slfsz+)|M:’L .

AE AV :2V AV ’
M1M2'M1M2 Mle’Ml'M2+2

! J E ’ —E AV
FIM=D=5lwvimy-1 (D) MyMp*2  =MiMy

XV, Mp+2My My+a

| nar ’_ 1
M1-¢—1,M2 1 XE - o
=\V(Si+M+1)(S;—M))(S,— My+1)(S,+ M) My My+4™ EMIM,
XVM, My-2M M, (12

are the matrix elements of the operat8_S,,, and
Ewmzmy= —D(M;2+M,?)+JIM M} are the unperturbed en- where

ergy levels. TakingS;=S, in the ensuing discussion, we
calculate the produd6) and obtain the level splitting

B
— N Q2 ’
Vmimé,ml,mé+z—<M1M2|§sz|M17M2+2>
AE_m, M, My, —M,

2M,
=(4D+2J)

(S+My)! 2 = Slmgralmgea, (13
(Si—M)H2M;—-1)!

4D+2J

®) TMé= V(S;+MS)(S,—ML+1) are the matrix elements of
the operatorS_,, and Enmmy=—D(M{*+ M%) +IMIM;
In the ground stateNl;=S;) the result(8) simplifies to —H,(M{+MJ) are the unperturbed energy levels. Since the
pair states are degenerate for the values of the longitudinal
25, field H,= —D(I\./I2+M§)+JM% from Eg. (3), the elements
) o) EMl,q—EMiMé in the denominators of Eq12) where q
=M,+2M;+4 ...M,—2, become independent updh;
and M ;. Also, noting that Eq(13) is only dependent upon
For large value oM, (S;—M;, M;>1), Eq.(8) with the M, the formula for the level splittings is expected to be
help of the Stirling formula reduces to independent oM; andM, and reads

AE_Sl’Sl’Sl'_Slz(251)2(4D+2J) 4D+ZJ
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TABLE I. The level splitting AE) of the low-lying degenerate paiM;,M3), (M,M,) in Mn,, the
resonant fieldd,) from Eq.(3), and the physical origins which induce level splittings-H,~0.1 K is for
illustration. The numbers, labeled 1-5 in the first column, indicate the transitions claimed as the strongest
tunnel resonances in Ref. 7. Note th(,M,) and (M,,M,) are degenerate.

Number (M1,M})—(M,M,) H, (T) AE (K) Main sources of splittings

1 (—9/2,—-9/2)—(—9/2,9/2) —0.336 2.0x104 B, H,
(—9/2,-9/2)—(9/2,9/2) 0 0

2 (—9/2,—9/2)—(—9/2,7/2) 0.202 1.7810° 3 B
(—9/2,-9/2)—(9/2,7/2) 0.233 0

(—9/2,712)(9/2,7/2) 0.261 2.021074 B, H,

3 (—9/2,9/2)—(9/2,9/2) 0.336 2.0210°4 B, H,

4 (—9/2,—9/2)—(—9/2,5/2) 0.739 1.1910°3 B, H,

5 (—9/2,912)—(7/2,9/2) 0.873 1761073 B

AEM','\/V,M M ' ’ HX" !
12 VMiMé,Ml,Mé+l:<M1M2|_7572|M11M2+1>

ZZD(3><M2-M9/Z (S2+M2)!(S,— M))! H
2D

(S~ M2)! (S, +M))! == 5Tyt (17

S’ M,

X )
[(Ma—Mp—2)11]?

(14 Since the unperturbed energy IevélﬁiMé and the resonant
field H, are the same as the ones in model Il, it is also

which seems to be the same expression as that in the singlg)—(peCtEd that the Ieyel spI|'tt|r.1g becomes mdependgM pf

molecule magnet: However, the exchange interaction be- andM ;. Therefore, in the limit of small transverse field the

tween two single-molecule magnets contributes to thdevel splitting is given by
level splittings via the longitudinal field3) and 5M1,M1 in

Eq. (14).
Our final example, model Il1, is described by AEMi,Mé,Ml,MZ
HtranS:—Hx(Ale-i-ASXz), (15) :ZD(E)MZMé\/(SZ+M2)!(SZ_M£)!
2D (S;=M2)!(S;+My)!

whereH, can be an internal or external magnetic field. Using

S,=(5,;+5_,)/2 and considering the case Bt2, the Sm; M,

level splitting of the degenerate pair appears in the matrix X ; 12 (18
elements when connecting the statgd;,M;+k) and [(M2=M;=1)!]

IMy,M}+k+1) where k is an integer with k<M,

—Mj;—1 andM;=M;. It corresponds to the level splitting which is similar to that in the single-molecule magnet. This
of the degenerate pairM;,M;)—(M;,M,) where M,  result shows that exchange interaction between two single
>Mj, M5<0, andM;— M, can be any integer. Thus, the magnets makes a contribution to the level splitting through
level splitting is represented as the resonant fieltH,= —D(M,+M3)+JIM; and 6M1,M1 in

Eqg. (19).

Even though we have separately considered the problems
in models Il and Ill, both the transverse field and the trans-
verse anisotropy are present in some cases. In the presence of
B, andH, being of the same order of magnitude, the effect of
the transverse field on level splitting is weaker than that of
the transverse anisotropy, as is evident in Efj$) and(18).

AE AV =2V AV ’
MIM) MM, MIMS My M)+1

1
X VM, MM, MY+ 2
SRVl SYH YA

1 Thus, we can neglect the transverse field contribution to the
XE _E VM M- 1M My splittings. However, sinceM,— M, is odd, the transverse
My My+2 =MM, field should be included in the level splitting through the

(16) single perturbation step along the chain connecting the de-
generate statesV(; ,M,) and M,M,) whereM;=M, and
where M ;< 0. Hence, the corresponding level splitting becomes
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AEMiMéyM :2V( ’

1:M;

(B) (B)
’ ’ ’ ..
2VM1M2,M1,M2+2 v

M,-3 k
+2 > [ I ve

k=Mj+2 | py=Mj+2

x(ﬁ 1

q1=My+2 EMl,ql_EMiMé) (

where the matrix element¢® and V(") are expressed as
Egs.(13) and(17), respectively. The sum in E¢19) can be
calculated by using the formula

S (2p-DN(2r—2p-1it

2 o zpn b

(20

and the resulting splitting for the odd resonance becomes

AEMi,Mé,Ml,MZ

B (Mp—M2)/2

. ( (Sp+M2)! (S~ M))!
h =

(S;= M) (S +My)!

VIR

X :
[(My—Mz—2)11]?

(21)

MM, My M+ My ML+1M, ML+3 "
R VT Al = V11V T
“VMy My—3M My~ 1

v(H)
My.py—2My.pp | VMg kM, k1

(B) B
\4 --Vﬁni,mz—z,mlmz

1
(H)
VMy My—1M,M,

Emy mMp-17 Emymy
Mp-2

H v(B)
b1 * MLP2My P2

Mo-2

19

1
a=k+1 Em,q,7 EmImy

the transverse anisotropy and the transverse field induce the
level splittings in the odd resonance and thereby the transi-
tion between - 9/2,—9/2) and (—9/2,9/2). At the next level
crossing atH,=0 T, the degenerate pair is-©Q/2,—9/2)

and (9/2,9/2). The possibility of tunneling from—@©/2,
—9/2) to (9/2,9/2) requires terms such as eitBerS,. or

S,_S,_ in the spin Hamiltonian. However, there is no such
transverse terms in the Hamiltonidm) which induces the
level splitting between them. For this reason the steplike fea-
ture is absent in the hystersis loop at 0 T while a strong
quantum step aH,=0 is present in other single-molecule
magnetg:® The situation is analogous to that in the case
(—9/2,—9/2)—(9/2,7/2). The next level crossing occurs in
the degenerate pair(9/2,—9/2) and ~9/2,7/2) which cor-
responds to the number 2 in Table I. In this situation the level
splitting is induced only by the transverse anisotropy due to
the even resonance. The avoided level crossingHat
=0.261 T unclaimed in the experiment occurs from
(—9/2,7/2) to (9/2,7/2). Actually, the corresponding peak

To illustrate the results with a concrete example, let us conPOSition is shown in the experiment resulsg. 4 in Ref. 7.

sider a supramolecular dimer M@; Cl, (O, CEt); (py)s
(hereafter Mp). This compound contains three Ffhions
and one MA" ion with the axial anisotropy constanD(
=0.72 K), and exchange coupling 0.1 K) between them
leads to thg Mn,], dimer having a ground-state spin 8f

The level crossings ati,=0.336 T and 0.739 T allow tun-
neling from (—9/2,9/2) to (9/2,9/2) and from-{9/2,—9/2)

to (—9/2,5/2), respectively, which correspond to the odd
resonance. AH,=0.873 T the avoided level crossing can
occur from (—9/2,9/2) to (7/2,9/2) with finite level splitting

=S,=9/2. At very low temperature, most of the excited which originates from the transverse anisotropy. Finally, it is
states can be neglected. Thus, as is listed in Table I, thiateresting to estimate the level splitting induced by the
low-lying states are involved in magnetization reversal atiransverse exchange interaction. Inserting the value ahd
very low temperature in the presence of the longitudinall into Eq. (9), the level spitting is of the order of 16! K

field. At high negative field, the initial state becomeswhich is much smaller than that induced by the transverse
(—9/2,—9/2). As the magnetic field increases, the first levelanisotropy or the transverse field. As a result, the main
crossing occurs in the degenerate pair 9(2,—9/2), sources of the steplike features in the hysteresis loops of the
(—9/2,9/2) atH,=—0.336 T which corresponds to the odd [Mn,], dimer are the transverse anisotropy and the trans-
resonance, i.eM,—Mj5=odd. In this case the main sources verse field, and each half of the dimer acts as a field bias on
of the level splitting can be either the transverse anisotropyts neighbor via the exchange interaction withidn,],.

or the transverse field. Meanwhile, since the hystersis loops In conclusion, we have considered the level splitting in a
in experiment display steplike features at even resonancedimer with antiferromagnetic coupling between two single-
H,=0.202 T and 0.873 T, at least the transverse anisotropgnolecule magnets. A perturbation approach allows us to ob-
should contribute to the level splittings. In this respect, bothtain the level splitting of the states, degenerate pairwise for
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arbitrary spin, in the presence of the exchange interaction. lhas been estimated for several cases and the main sources of
is found that the level splittings are strongly affected by theeach resonance have been clarified.
exchange interaction as well as the transverse anisotropy and This work was supported by Grant No. R01-1999-000-

the transverse field. In comparison with recent experimentaho26-0 from the Basic Research Program of the Korea Sci-
results, the level splitting of the low-lying degenerate pairence and Engineering Foundation.
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