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We study the magnetic relaxation rdfeof the single-molecule magnet MitBuAc as a function of mag-
netic field componenfir transverse to the molecule’s easy axis. When the spin isane@gnetic quantum
tunneling resonance, we find tHatncreases abruptly at certain valuegtbf. These increases are observed just
beyond values offr at which a geometric-phase interference effect supprégsasling between two excited
energy levels. The effect is washed out by rotattfig away from the spin’s hard axis, thereby suppressing the
interference effect. Detailed numerical calculationg afsing the known spin Hamiltonian accurately repro-
duce the observed behavior. These results are the firstiexg@eal evidence for geometric-phase interference
in a single-molecule magnet with true four-fold symmetry.

PACS numbers: 75.45.+j, 75.50.Xx, 03.65.Vf

Geometric-phase effects are responsible for many fascinaand in SMM dimers [20, 21]. Such interference effects in the
ing phenomena in classical and quantum physics from how aellwether SMM Mn,Ac are complicated by the presence
cat rights itself while in free fall to the dynamics of chadge of solvent disorder [22], which breaks the SMM’s nominal
particles in electromagnetic fields, e.g. the AharonoviBoh four-fold symmetry, resulting a competition between seton
effect [1]. One formulation of geometric-phase effects in-order and fourth-order anisotropies [23, 24]. Here we re-
volves a path-integral approach in which the interfererfce oport the observation of a geometric-phase interferenazeff
paths is modulated by the geometric phase difference batweén [Mn150;2(02CCH,-!Bu);4(CH3;OH),]-CH3OH (hereafter
the paths [2-5]. Such interference effects can reveal tHemn  Mni,-tBuAc), a variant of MasAc that is free of solvent dis-
lying symmetries of the system’s Hamiltonian. The dynamicsorder and maintains its four-fold rotational symmetry [29}
of spins provide a natural way to explore quantum geometri¢Jnlike previous observations of geometric-phase interfee,
phases for, as Berry showed in his pioneering work [6], a syswhich involved ground-state tunneling, the interferenftect
tem near a degeneracy point can be mapped onto a spin in a@escribed herein is observed in the thermally assistedetunn
effective magnetic field. ing regime where tunneling takes place near the top of the

barrier. The interference effect provides a fingerprint tifa

Slngle-mo!ecule magF‘EtS (SMMS) are an ideal test bed fOfrords an unprecedented ability to clearly identify whichdis
exploring spin geometric-phase interference. In these Syj)articipate in the thermally assisted process.
tems, each molecule behaves as a large spin with a well-

defined Hamiltonian determined by the symmetry of the In 2002, Park and Garg [30] and, independently, Kim [31],
molecule and its environment [7]. The interactions betweempredicted that an interference effect should be observed in
molecules in a crystal are typically weak and the sample beSMMs with fourth-order transverse anisotropy, describgd b
haves as an ensemble of nominally identical large-spin obthe Hamiltonian

jects. In many SMMs, the spins have a large anisotropy bar-

rier separating the preferred “up” and “down” direction&isl

leads to hysteresis and slow relaxation between these easy-  H = —DS? + (C/2)(S1 +S%) —gupS-H, (1)

axis directions. A geometric-phase effect can lead to inter

ference between tunneling paths, thus modulating the tate a

which spins flip direction. In a ground-breaking experiment where S, = S, £+ iS,. In zero field, such a spin system
Wernsdorfer and Sessoli [8] found oscillations in the probahas the classical energy landscape shown in the left inset of
bility of magnetization tunneling as a field applied along th Fig. 1. Applying a magnetic field; along one of the four
hard axis modulated the interference between two tunnelinpard directions£ x and+ y for C' > 0) preserves reflec-
paths. This observation confirmed a theoretical predidiypn tion symmetry through the z-hard plane, allowing for ingesf
Garg [4] and ignited intense theoretical study of related-ph ence between equal-amplitude tunneling paths that viytual
nomena [9-17]. Geometric-phase interference between tumpass through the saddle points in the landscape. This inter-
neling paths has been observed in other SMMs that have eference induces oscillations in the tunneling probabditya
fective two-fold symmetry, where tunneling involves the in function of Hy. Mnio-tBuAc is reasonably well described by
terference between two equal-amplitude paths [18]. It hashe above Hamiltonian with the addition of sixth-order term
also been seen in antiferromagnetic molecular wheels [19onsistent with four-fold symmetry [27]:



H=-DS? - AS} — A'SS + (C/2) (S1 + S2)
+(C"/2) (SZ (51 + 5%) + hec.) (2)
—HUB (ngsz + gl (SICOS¢ + SUSZn¢) HT) 9

whereD = 0.568 K, A = 0.69 mK, A’ = 3.3 uK, C' = 50 _
uK, ¢ = —0.79 uK, g, = 2.00andg, = 1.93. H. isthe 2
longitudinal component of the magnetic field, ahtheasures E
the angle betweefl; and the x axis. Much of the system’s &
dynamics can be understood in terms of the double-well po5
tential shown in the inset of Fig. 2a, which shows the system’ o
energy as a function of the angle between the spin vector an§
the easy axis (z) direction. The spin %+ 1 energy levels,

which are approximate eigenstatesSof H, tilts the potential

and at certain values, levels in opposite wells align, ataow
resonant tunneling between wells that results in a marked in
crease in the magnetic relaxation rate. The fourth and fifth
terms in Eq. 2 as well a1 break the commutation 6{ and

S, thereby inducing tunneling. The tunnel splitting between
nearly degenerate states is readily calculated by diagdmgl

Eqg. 2. The solid lines in Fig. 2b, fas = 0 (mod 90), show  FIG. 1. (Color online) Measured magnetic relaxation rate agc-

that destructive interference between tunneling pathsdes! tion of longitudinal field near the zero-field resonance taresal val-

a dramatic suppression (“quenching”) of tunneling at diter  UeS of transverse field ¢ from 1.0 kOe to 6.8 kOe in 200 Oe in-
values ofH, for each pair of levels [32]. (Here and below, crements. The data was taken from sample A at 3.10 K. The green

label h . | £(5.) in the ab f boxes indicate regions where curves for different valueld-ptend
we label each state by, its value of(S) in the absence o to bunch together. The left inset shows the classical erargiscape

tunneling.) The interference effect is largely destroyétew i, 5 spherical polar plot for a spin described by Eq.1. Theizigthe

¢ is increased towards 4%dashed lines) sincé/r then fa-  easy axis (energy minima) while the x and y axes are the harsl ax

vors one tunneling path over others. The tunneling queigchin(maxima). The value of’ has been greatly exaggerated to make the

affects which levels are involved in the magnetic relaxatio four-fold symmetry evident. The right inset shows a schéomeit

process, as evidenced by our data. the apparatus,A _|Ilustrat|ng gont_rol o_f angkeand¢. i is normal to
detector plan€i is a hard axis direction.

Crystals of Mn,-tBuAc were synthesized according to
published procedures [29]. A sample was mounted adjacent
to a Hall sensor that was in turn mounted on a rotator probe. A
reference sensor on the same chip was used to measure battkaneling rate is enhanced and, in tandem, the effective en-
ground signals. Signals from the two sensors were subttacteergy barrier is reduced [33]. We note that for some regions
with an analog circuit. We performed extensive measuresnentof Hyr and H, (green boxes) the data are bunched — the re-
on two samples (A & B). Measurements of sample B were perfaxation rate changes very little with increasifig-. The ef-
formed using a modified apparatus (Fig. 1 rightinset) in Whic fect is much more pronounced in the shoulders of the peak
the orientation of both the sample’s easy and hard axes#elat than near its center. Fig. 2 showsas a function ofi for
to the field could be adjusted (the latexrsitu by ~ +35°). H, = 0 (upper four data sets, from peak center in Fig. 1) and
Measurements were performed as follows. The sample wal, = —400 Oe (lower four data sets, from peak shoulders).
rotated to align its easy axis with the external magnetidfiel All sets show a roughly exponential increas&'iwith Hr. In
magnetizing the sample, i.e. populating one of the wells iraddition,I" exhibits steps and plateaus (the latter correspond-
Fig. 2a inset. Next, the sample was rotated to an orientatioimg to the bunching in Fig. 1). These are far more apparent in
that produced the desired valuesif and Hy. The subse- H, = —400 Oe data. Each step corresponds to a transition
guent time dependence of the magnetization was monitoreflom one dominant pair of tunneling levels (e.gn = +3)
and fit to an exponential decay to extract the relaxation rateo another (e.g.m = +4). Interestingly, theoretical calcu-
I'. Proceeding this way, we obtained valuesfoas a func- lations of these transitions f&f = C’ = 0 predict that the
tion of H, and Hr and of temperatur€ for relaxation neara transitions should be independentg@&nd more pronounced

tunneling resonance. on resonanceH, = 0) than away from resonance [34, 35], in
Some data from sample A are shown in Fig. 1, whHelie  contrast to our results. Structure nddy = 0, wherel” de-
plotted as a function off, for several values ofir atT = pends strongly ori,, may be washed out be inhomogeneous
3.10 K. For each value dff -, I" exhibits a roughly Lorentzian dipole fields. More importantly, the structure observedrnea
dependence oiif,, peaked ati, = 0, where tunneling is H, = —400 Oe (wherel" is less sensitive to dipole fields) is

maximum. I" generally increases with increasitfy- as the much more pronounced than predicted by the simple model.
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FIG. 2. (Color online) (a) Relaxation rate as a function efisverse  steep in the vicinity of the threshold right after a quench fo

field at H, = 0 and H, = —400 Oe, taken from the data shown ¢ = 0. In contrast, whenp = 45°, the tunnel splitting

:“ Fig. 1. The s_othcur\Z/es_are_theo resu(ljts of _En:ju_latlgnshefrte-b quenches are absent and the tunnel splittings cross trehthre

axation rate using Eq. 2 with = 7°, as described in the text. (b) 4 more gradually, making each transition so broad that it

Calculated tunnel splitting for energy-level pairs= +2, m = £3, g . . .
andm — +4, as indicated, for — 0 (solid) and¢ — 45° (dashed). overlaps with others and washing out its observability.

The dashed horizontal line running through these cal@natinarks This effect is demonstrated in Fig. 3. The inset of the figure
a threshold splitting at which the system makes a transitmm one ~ showsI" as a function ofH/ for sample B in the vicinity of
dominant pair of tunneling levels to another. The dashetica#r  one of the transitions for several valuessof= ¢ + ¢o, where
lines show the transverse field at which this transition ceeund its ¢ is the experimental azimuthal angle of the rotator’s second
correspondence to rapid increases in the relaxation met.|Prob- stage and, is a constant offset representing the orientation of
ability current diagram for high-lying energy levels By = 4.8 , . . . .
kOe. The numerical labels indicate the expectation valfies. dor sample’s hard axis (see F_'g'_ 1 right inset). The data feat_ure
the corresponding energy level; the opacity of the arrowlicates  10r Sample B were less distinct than for sample A, possibly
the magnitude of the associated current. because B was measured more than a year after synthesis. To
enhance clarity, we divided the data &*/7/k0¢ where the

coefficient 0.3 was chosen empirically. The resulting daga a

Including the experimentally determined valuesoandC’  presented in the main figure. Fot = 2° and20°, the sharp
in Eq. 2 induces the tunneling suppression shown in Fig. 2ransition at- 8 kOe is apparent while it is clearly suppressed
These tunnel quenches, in turn, give rise to the steps in for values of¢’ outside this range. These results sugggst

To illustrate this, Fig. 2b contains a horizontal dottecelin 9°, implying that the hard axes for the = 2 — 4 levels are
— an empirically determined “tunnel threshold”. When theroughly parallel with the a and b crystallographic axes ef th
tunnel splitting for a particular pair of levels approacties ~ rectangulopiped-shaped crystals [38].
threshold, tunneling for that pair begins to become the domi We also studied the relaxation rate nearthe- 1 (H, ~
nant relaxation mechanism [33, 34, 36, 37]. For example, at.5 kOe) resonance. We examined sample B with= 2°
Hr ~ 4.2 kOe (marked by the red vertical dotted line), the with H, ~ 1 kOe below the resonance peak. Again we see
tunnel splitting form = +3 reaches the threshold and tunnel- steps in the relaxation rate as a function/6f, as shown in
ing between these levels begins to dominate over relaxatiohig. 4a. (Like in Fig. 3, we have removed an exponential back-
through higher levels. This additional relaxation meckani ground for clarity.) The steps here also correspond to #re tr
produces the rapid increaselimear this field. Similar tran-  sitions between dominant tunneling level pairs, as ilatsid
sitions occur when other pairs of levels reach the thresholdn Fig. 4c, each occurring when the tunnel splitting for a par
marked by the other dotted vertical lines in the figure. Theticular pair rapidly crosses a threshold value (horizod¢dled
tunneling suppression effect plays a crucial role hereetied  line) in the wake of a quench.
mines how rapidly the threshold is crossedis increases. We performed numerical calculations Bfusing a master
The slope of the tunnel splittings curves in Fig. 2b is ratherequation approach [34, 35, 37, 39—-41] to treat spin-phonon
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o1 @ : (eA/keT _ 1)~ is the phonon thermal distribution function,
- o p = 1.356 x 103 kg/m?® is the mass density [27], and is
= P e e the transverse speed of sound) = 1 andx(? is a con-
S — s P stant of order unity representing the strength of the aaseadi
% A_\' //“‘/‘ - spin-phonon coupling mechanism [43]. We neglect possible
E‘ “ . a1k collective spln-phono.n |r)teract|ons [44]. _
= oorl —a—30K | We caIcuIate(_T _by f|_nc_i|r_19 the slowest non-zero elgenyalue
| | | | | | | of the rate matrix implicit in Eq. 3. The calculated ratesfire
F 1 tothe datain Fig. 2, allowing,, x(?), C'andC" to be uncon-
/ strained parameters. The remaining Hamiltonian parameter
/ were fixed and we séf, = —400 Oe andp = 7°. The results
z of the fitting are shown by the solid curves in Fig. 2a. The cal-
= 01 34K ] culated rates reproduce the data quite well. The fit yields
—30K =1122 m/s and(? = 1.21. These parameters set the overall
(b) scale of the rate and the general slope of the rate vdisys
A R —————  respectively. They do not influence the positions of thesstep
€ / which are determined by Hamiltonian paramet€randC’.
& o1y 1 The fit yieldsC = 55 uK andC’ = —0.81 uK, in good
;Eé 001 | 1 agreement with the values determined spectroscopically [2
T B3| —m=-23 ] Using the same parameters, we can also calclldta the
2 154 ‘ ‘ ‘ ‘ ‘ T M= n = 1 resonance, shown in Fig. 4b. Again, the calculations
0 1000 2000 3000 4000 5000 6000 7000 8000 accurately reproduce the structure of the measured redaxat
H, (Oe) rates. (Because of the large background for the sample B data

(Figs. 3 and 4), fits of that data do not produce physically
FIG. 4. (Color online) (a) Relaxation rate (after dividingdn expo- ~ meaningful values of, andx(2).)
nential to enhance presentation) as a functioi ¢ffor H, near the Our calculations allow us to precisely determine which
n=1 Leslonaf}ce/- Eat% Waz tgken from firgplel B WILh eX?}e”meTabairs of levels dominate the tunneling process as a funofion
azimuthal angle)” = 2" and 1 set to -1 kOe less than the peak ;1 inset of Fig.2b shows an example of the probability
of the resonance. (b) Simulations of relaxation rate as etifum of . ”
currents” (dashed arrows) [37] between some of the relevan

transverse field using the Giant-Spin Hamiltonian modelSbtMs oM
with ¢ = 7°. The inset shows the double-well potential forthe- 1 States at{r = 4.8 kOe. The state labels indicate the values

resonance. (c) Tunnel splitting calculations with= 0° for them =  Of (S,). Diagonal arrows correspond to tunneling transitions

-2,3 andm = -3,4 energy-level pairs, as indicated. The dashed horiin the energy eigenbasis — such transitions would be forbid-

zontal line represents a tunneling threshold while the eidsiertical  den in the absence of tunneling. For this example= +3

lines correspond to the transverse fields at which abrupsitiens 5. clearly the dominant tunneling levels. These calauati

in relaxation rate occur. . : : : :
confirm the interpretation of the steps in the relaxatioe rat
given above, e.g. fon = 0 at Hy ~ 4.2 kOe the dominant

interactions. For calculational ease, we used the spin's efunneling pair switches fromn = £2tom = +£3.

ergy eigenbasis, which incorporates tunneling effects-aut N conclusm_n, our measurements prowd.e the first evidence
matically since the eigenstates of Eq. 2 are superpositibns for & geometric-phase interference effect in a truly faldf
S. eigenstates. We neglect off-diagonal elements in the dersymmetric SMM. The results also demonstrate this effect in
sity matrix, a good approximation since our experimentswer the thermally assisted tunneling regime, allowing idecui
done away from the exact resonance conditions where sudipn of which levels dominate the tunneling process. It may

elements are appreciable. The master equation goverréng ti€ POSsible to observe similar effects in this system ingdeu
population of each level;, is state tunneling. Such experiments would require lower tem-

peratures and higher magnetic fields.
dp; 21 @ @ @ @ _ We thank M. Bal, D. Garanin and A Garg for useful discus-
T Z —(%j + %5 )pi + (Wﬁ + Vi ;- ) sions, and acknowledge E. Maradzike, G. Gallo, R. Cann and
j=1 J. Kubasek for their design and technical contribution$i® t
7 work. Support for this work was provided by the National Sci-
The phonon transition rates are given by [34, 42] ence Foundation under grant nos. DMR-1006519 and DMR-
0449516 and by the Amherst College Dean of Faculty. Some
2 AN (AL) @ of the numerical calculations presented were performeten t
ij CE Ambherst College Computing Cluster, funded under NSF grant

no. CNS-0521169.

(@) H(Q)DQ
U 6mpcdhd

(@)

j

S

wheres)) = (i {S,, 5.} |j) ands() = (i| $2 — 52|;) and
A;; = &; — ¢, with &; the energy of leveli). N (A) =



J. Low Temp. Physl40, 119 (2005).
[25] S. Hill, N. Anderson, A. Wilson, S. Takahashi, N. E. Cbhak
M. Murugesu, J. M. North, N. S. Dalal, and G. Christou, J.

* Currept addres;: Department of Physics, Princeton Urnifyers Appl. Phys.97, 10M510 (2005); S. Hill, N. Anderson, A. Wil-
Jadwin Hall, Princeton, NJ 08544 son, S. Takahashi, K. Petukhov, N. E. Chakov, M. Murugesu,
T Current address: Department of Physics, University of Mich J. M. North, E. del Barco, A. D. Kent, N. S. Dalal, and G. Chris-
gan, 450 Church Street, Ann Arbor, Ml 48109-1040 tou, Polyhedror24, 2284 (2005).
 Current address: University of North Florida, Departmeht o [26] M. Soler, P. Artus, K. Folting, J. C. Huffman, D. N. Helade-
Chemistry, Building 50, Room 3500, 1 UNF Drive, Jack- son, and G. Christou, Inorganic Chemist§ 4902 (2001).
; sonville, FL 32224-7699 [27] A.-L. Barra, A. Caneschi, A. Cornia, D. Gatteschi, L. (@
Corresponding author: jrfriedman@amherst.edu L.-P. Heiniger, R. Sessoli, and L. Sorace, J. Am. Chem. Soc.
[1] A. Shapere and F. WilczelGeometric Phases in Physics, Ad- 129, 10754 (2007).
vanced Series in Mathematical Physics, Vol. 5 (World Scien-[28] E. Burzuri. C. Carbonera. F. Luis. D. Ruiz-Molina. Carh-
tific, Singapore, 1989) p. 528. o propoulos, and G. Christou, Phys. Rev8g 224428 (2009).
[2] D. Loss, D. P. DiVincenzo, and G. Grinstein, Phys. RewtLe [29] C. Lampropoulos, M. Murugesu, A. G. Harter, W. Wernssfof
69, 3232 (1992). S. Hill, N. S. Dalal, A. P. Reyes, P. L. Kuhns, K. A. Abboud,
[3] J.von Delft and C. L. Henley, Phys. Rev. Leif, 3236 (1992). and G. Christou, Inorganic Chemistry , accepted (2012).
[4] A. Garg, Europhys. Let22, 205 (1993). [30] C.-S. Park and A. Garg, Phys. Rev6B, 064411 (2002).

[5] J. R. Friedman and D. V. Averin, Phys. Rev. Led8, 050403 [31] G.-H. Kim, J. Appl. Phys91, 3289 (2002).

(2002). [32] Our calculated tunnel splittings differ somewhat frirose pre-

(6] gﬂéz\,/ﬁl?se(?ggir)oc R. Soc. London Ser. A-Math. Phys. Eng. S sented in Ref. 27, even when we use the same Hamiltonian pa-
) ' . . rameters as those reported in that paper.
[7] J. R. Friedman and M. P. Sarachik, Annual Review of Con- [33] J. R. Friedman, Phys. Rev.®, 10291 (1998).

densed Matter Physids 109 (2010). [34] D. A. Garanin and E. M. Chudnovsky, Phys. Re\6& 11102
[8] W. Wernsdorfer and R. Sessoli, Scier&, 133 (1999). (1997).
[9] A. Garg, Europhys. Lett50, 382 (2000); Phys. Rev. B4, [35] p. A. Garanin, “Density matrix equation for a bathed drags-
094413 (2001)64, 094414 (2001). tem and its application to molecular magnets,’Adv. Chem.
[10] G. H. Kim, Phys. Rev. B0, R3728 (1999). Phys. (John Wiley & Sons, Inc., 2011) pp. 213-277.
[11] E. M. Chudnovsky and X. Martinez-Hidalgo, EurophystiLe [36] 5 R. Friedman, “Resonant magnetization tunneling ble-
50, 395 (2000). ular magnets,” inExploring the QuanturvVClassical Frontier:
[12] R.Lu, H. Hu, J. L. Zhu, X. B. Wang, L. Chang, and B. L. Gu, Recent Advances in Macroscopic Quantum Phenomena, edited
Phys. Rev. B51, 14581 (2000). by J. R. Friedman and S. Han (Nova Science, Hauppauge, NY,

[13] E. Kececioglu and A. Garg, Phys. Rev.a8, 064422 (2001); 2003) pp. 179-218.
Phys. Rev. Lett88, 237205 (2002). [37] M. N. Leuenberger and D. Loss, Phys. Re\6B 1286 (2000).
[14] Z.-D. Chen, Europhys. Let62, 726 (2003). [38] In contrast, Ref. 27 reports that the hard axes~a4&° from

[15] P. Bruno, Phys. Rev. Let6, 117208 (2006). the a and b axes. This apparent discrepancy arises be€ause

[16] M. N. Leuenberger and E. R. Mucciolo, Phys. Rev. L6, andC’ have opposite signs, causing the hard-axis directions to

126601 (2006),' . depend on which levels: are probed.
[17] M. S. Foss-Feig and J. R. Friedman, EB8, 27002 (2009). [39] J. Villain, F. Hartmann-Boutron, R. Sessoli, and A. Rt
[18] W. Wernsdorfer, S. Bhaduri, C. Boskovic, G. Christounda Europhys. Lett27, 159 (1994).

D. N. Hendrickson, Phys. Rev. BS 180403(R) (2002); (40] F. Luis, J. Bartolomé, and J. F. Fernandez, Phys. R&7, 505
W. Wernsdorfer, N. E. Chakov, and G. Christou, Phys. Rev. (1998).

Lett. 95, 037203 (2005). . . [41] A. Fort, A. Rettori, J. Villain, D. Gatteschi, and R. Se#,
[19] O. Waldmann, T. C. Stamatatos, G. Christou, H. U. Gjidel Phys. Rev. Lett80, 612 (1998).

|. Sheikin, and H. Mutka, Phys. Rev. Leti02 157202 (2009).  42] M. N. Leuenberger and D. Loss, Europhys. L&, 692 (1999).
[20] C. M. Ramsey, E. Del Barco, S. Hill, S. J. Shah, C. C. Begd! [43] There has been some debate about the magnitude andheven t

and D. N. Hendrickson, Nat. Phy4.277 (2008). . (2) .
. existence ofy;;” [45, 46]. However, we find it necessary to get
[21] W. Wernsdorfer, T. C. Stamatatos, and G. Christou, PRegs. a reasonable int to our data.

Lett. 101, 237204 (2008). .
. . . [44] C. Calero, E. M. Chudnovsky, and D. A. Garanin, Phys..Rev
[22] A. Cornia, R. Sessoli, L. Sorace, D. Gatteschi, A. L.faarand B 76, 094419 (2007).

C. Daiguebonne, Phys. Rev. Leg8, 257201 (2002). .
[23] E. del garco A D Kgnt E. M. Rumberger (D N I)-lendriohs [45] E. M. Chudnovsky and D. A. Garanin, Europhys. Lé&, 245
) o L - (2000).

and G. Christou, Phys. Rev. Le#tl, 047203 (2003).
[24] E. del Barco, A. D. K)clent S Hill J.M.North(N.S.)DaIﬁ M. [46] M. N. Leuenberger and D. Loss, Europhys. LB&.247 (2000).

Rumberger, D. N. Hendrickson, N. Chakov, and G. Christou,



