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Quantum phase interference (Berry phase ) in single-molecule
magnets of [Mny,]?~
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Magnetization measurements of molecular clusféis,]?>~ with a spin ground state =10

show resonance tunneling at avoided energy level crossings. The observed oscillations of the tunnel
probability as a function of the magnetic field applied along the hard anisotropy axis are due to
topological quantum phase interference of two tunnel paths of opposite windiMgs,]?~ is
therefore the second molecular cluster exhibiting quantum phase interferen@)0ZAmerican
Institute of Physics.[DOI: 10.1063/1.1450788

Studying the limits between classical and quantum physusing standard diagonalization techniques of fB&x21]
ics has become a very attractive field of research. Singlematrix. At H=0, them= =+ 10 levels have the lowest energy.
molecule magnet$§SMMs) are among the most promising When a fieldH, is applied, the levels witin<0 increase in
candidates in which to observe these phenomena since theyergy, while those wittm>0 decrease. Therefore, energy
have a well defined structure with well characterized spirlevels of positive and negative quantum numbers cross
ground state and magnetic anisotrdpyQuantum phase at certain values oH, given by uH,~nD/gug, with
interferencé is among the most interesting quantum phe-n=0,1,2,3,...
nomena that can be studied at the mesoscopic level in When the spin Hamiltonian contains transverse terms
SMMs. This effect was recently observed in thgg BIM.*  [for instance, E(Sﬁ—Sf,)], the level crossings can be
It has led to new theoretical studies on quantum phase intefavoided level crossings.” The spiSis “in resonance” be-
ference in spin systems2?We present here a second SMM, tween two states when the local longitudinal field is close to
called[Mn,]?~, that clearly shows quantum phase interfer-an avoided level crossing. The energy gap, the so-called
ence effects. “tunnel splitting” A, can be tuned by a transverse field

The [Mn;]>~ SMM was prepared from (a field applied perpendicular to tkzadirection via theS,H,
[Mn,0;5(OAC)14(H,0),] (Mny, acetat? by a ligand and S,H, Zeeman terms. In the case of the transverse term
substitution procedure and converted E(S;—S)), it was shown thatA oscillates with a period
(PPh)2[Mn;;0,5(0,CCHCL)14(H,0)4] by a two-electron  gjven by*
reduction with two equivalents of PRh™. The crystal struc-
ture (Fig. 1) shows that the two added electrons are orf Mn
ions My and Mn;; giving a 2 Mrf*, 6 Mn®", 4 Mn**
descriptior?® The compound has &= 10 spin ground state
and negativelsing type magnetoanisotropy.

The simplest model describing the spin system of
[Mny,]?>~ has the following Hamiltonian

H=—DS+E(S~S)) +gupueS-H, (1)

whereS,, Sy, andS, are the three components of the spin
operator,D andE are the anisotropy constants, and the last
term describes the Zeeman energy associated with an applied
field H. This Hamiltonian defines hard, medium, and easy
axes of magnetization ix y, andz directions, respectively. It

has an energy level spectrum with §21)=21 values
which, to a first approximation, can be labeled by the quan-
tum numbersm=—10,—-9,...,10 taking thez axis as the

quantization axis. The energy spectrum can be obtained b§IG. 1. Oak Ridge Thermal Ellipsoid PIORTEP representation of the
complex anion Mn;,0;,(0,CCHC)4(H,0),]2~ showing 50% percent
probability ellipsoids. The white open circles represent C atoms. For clarity,
3Electronic mail: wernsdor@polycnrs-gre.fr all H and CI atoms have been omitted.
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FIG. 3. Fraction of molecules which reversed their magnetization after the
field was swept over the zero-field resonance. The contribution of the fast

Mn;, relaxing species is subtracted. The observed oscillations are direct evidence
0.05K for quantum phase interference.
0.5}
o ——14mT/s
= | b I .
sor T S.omme . ability in the pure quantum regimgoelow 0.4 K was too

small for our measuring techniqdéWe therefore studied
J the tunnel probability in the thermally activated regiffié®

In order to measure the tunnel probability, a crystal of
[Mn;,]?>~ SMM was first placed in a high negative field,
0.5 1 yielding a saturated initial magnetization. Then, the applied

-1 05 0
(b) HoH(T) field was swept at a constant rate over one of the resonance

transitions and the fraction of molecules which reversed their
spin was measured. This experiment was then repeated but in
and different field sweep rates. Note the great difference of tunneling ratéhe presence of a constant transverse field. A typical result is
between the resonance at 0.43 and 0.85 T that establishes the parity of thgesented in Fig. 3 showing oscillations of the tunnel prob-
wave functions involved in the tunneling process. This is quite differentab“ity as a function of the magnetic field applied a|0ng the

FIG. 2. Hysteresis loops of a single crystal[#An;,]?~ molecular clusters
at (a) different temperatures and a constant field sweep ratg@ral05 K

compared to Mp, acetate showing a gradual increase of the tunneling prob-

abilities. hard anisotropy axis. These oscillations are due to topologi-

cal quantum interference of two tunnel paths of opposite
windings? This observation is similar to the result on thg,Fe
molecular clustet.It is therefore the second direct evidence
2kg for the topological part of the quantum spin phd&erry
AH= g V2E(E+D). (2) phase in a magnetic system. The period of oscillation allows

MB
N . . . an estimation of the anisotropy constéritsee Eq(2)] and a
The oscillations are explained by constructive or destruc‘uvc;/alue of E~0.06 K was Obtairlf])éd & a2)]

interference of quantum spin phas@erry phasesof two In conclusion, magnetization measurements of a molecu-

tunnel paths. . ar clusterf Mn;,]?~ with a spin ground state &= 10 show

. Al measurements were perfprmed using an array OJresonance tunneling at avoided energy level crossings. The
mlcro-sup_e_rcpnductlr!g quantum interference devitkhe observed oscillations of the tunnel probability as a function
high sensitivity of this magnetometer allows the study of o 5 yransyerse field are due to topological quantum phase
single crys_tals of SMMs Wi.th s_izes of the o_rder of 10 to 500interference of two tunnel paths of opposite windings.
pm. The field can be applied in any direction by separateI)tMnlz-lz_ is therefore the second molecular clusters present-

driving three orthogonal coils. ; ;
ing quantum phase interference.
Figures 2a) and 2b) show typical hysteresis loop mea- g4 P

surements on a single crystal pkn;,]>~. The effect of

avoided level crossings can be seen in hysteresis loop meas. M. J. Aubin, N. R. Dilley, M. B. Wemple, G. Christou, and D. N.

surements. When the applied field is near an avoided IevelHendricksor_L J. Am. Chem. Sot20, 839 (1998. .

crossing, the magnetization relaxes faster, yielding stepsA_- Caneschi, D. Gatteschi, C. Sangregorio, R. Sessoli, L. Sorace, A. Cor-
. . nia, M. A. Novak, C. Paulsen, and W. Wernsdorfer, J. Magn. Magn. Mater.

separated by plateaus. As the temperature is lowered, there 1300, 182 (1999.

a decrease in the transition rate as a result of reduced thefa. Garg, Europhys. Let22, 205 (1993.

mally assisted tunneling. Below about 0.4 K, the hysteresis‘s‘W- Wernsdorfer and R. Sessoli, Scier®4, 133(1999.

loops become temperature independent which suggests th@ﬁ' gg[g ;'h';ﬂsatge'\’/h{ﬁg’aﬁggggzgg

the ground state tunneling is dominating. The field between garg' phys. Rev. B0, 6705(1999.

two resonances allows an estimation of the anisotropy Con#E. Kececiolu and A. Garg, Phys. Rev.a3, 064422(2001).

stantsD, and a value oD~0.55K was determined. 122' CEEaég, EurOF;)hhyS- I-F&:IISOL3§$ (fgggm(zoon

We have tried to use the Landau-Zener methétito ' 1) i o A g’;‘t’ . Pehyé. 3. 87, 692000,
measure the tunnel splitting as a function of transverse fieleb; o Liang, H. J. W. Mueller-Kirsten, D. K. Park, and F.-C. Pu, Phys.

as previously reported for g&' However, the tunnel prob-  Rev. B61, 8856(2000.

Downloaded 16 May 2002 to 128.227.76.113. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



7166 J. Appl. Phys., Vol. 91, No. 10, 15 May 2002

185.-K. Yoo and S.-Y. Lee, Phys. Rev. &, 3014(2000.

15.-K. Yoo and S.-Y. Lee, Phys. Rev.®, 5713(2000.

M. N. Leuenberger and D. Loss, Phys. Rev6B 12200(2000.

M. N. Leuenberger and D. Loss, Phys. Rev6® 054414(2001).

R, LU, H. Hu, J.-L. Zhu, X.-B. Wang, L. Chang, and B.-L. Gu, Phys. Rev.
B 61, 14581(2000.

BR. LU, S.-P. Kou, J.-L. Zhu, L. Chang, and B.-L. Gu, Phys. Re\6B
3346(2000.

R, LU, J.-L. Zhu, Y. Zhou, and B.-L. Gu, Phys. Rev.@2, 11661(2000.

20y.-B. Zhang, J.-Q. Liang, H. J. W. Mier-Kirsten, S.-P. Kou, X.-B. Wang,
and F.-C. Pu, Phys. Rev. &), 12886(2000.

2lY-H. Jin, Y.-H. Nie, J.-Q. Liang, Z.-D. Chen, W.-F. Xie, and F.-C. Pu,
Phys. Rev. B62, 3316(2000.

22E. M. Chudnovsky and X. Martines Hidalgo, Europhys. L&, 395
(2000.

Wernsdorfer et al.

M. Soler, S. W. Chandra, D. Ruiz, E. R. Davidson, D. N. Hendrickson,
and G. G. Christou, Chem. CommuiCambridge 24, 2417 (2000.

24W. Wernsdorfer, T. Ohm, C. Sangregorio, R. Roberta, D. Mailly, and C.
Paulsen, Phys. Rev. Le2, 3903(1999.

351, Landau, Phys. Z. Sowjetunia 46 (1932.

26C. zener, Proc. R. Soc. London, Serl&7, 696 (1932.

27As observed for My, acetate(Ref. 28, a crystal off Mn;,]?~ contains a
small fraction of faster relaxing species, which are probdtin,,]?~
having a defect. The signal of these species was very large compared to
the ground state relaxation rate of the major species.

2. Wernsdorfer, R. Sessoli, and D. Gatteschi, Europhys. 4&it.254
(1999.

2W. Wernsdorfer, A. Caneschi, R. Sessoli, D. Gatteschi, A. Cornia, V.
Villar, and C. Paulsen, Europhys. Le&0, 552 (2000.

Downloaded 16 May 2002 to 128.227.76.113. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



