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Abstract: The trigonal pyramidal complex [M@3sCI(O,CCHg)s(dbm)], where dbnt is the monoanion of
dibenzoylmethane, functions as a single-molecule magnet. High-field EPR data are presented for an oriented
microcrystalline sample to characterize the electronic structure of tHeMi's complex. These data show

that the complex has & = 9/, ground state, experiencing axial zero-field splittim®dS{) with D = —0.53

cm~1 and a quartic zero-field splittindg3(°0O,%)with B, = —7.3 x 105 cm~1. Magnetization versus external
magnetic field data were collected for an oriented single crystal in the 8228 K range. At temperatures

below 0.90 K hysteresis is seen. Steps are seen on each hysteresis loop. This is clear evidence that each
Mn'VMn'"'; complex functions as a single-molecule magnet that is magnetizable. Furthermore, the steps on
the hysteresis loops are due to resonant magnetization quantum mechanical tunneling. In response to an external
field each molecule reverses its direction of magnetization not only by being thermally activated over a potential-
energy barrier, but by the magnetization tunneling through the barrier. Additional evidence for resonant
magnetization tunneling was found in the change in the temperature at which the out-of-phase ac magnetic
susceptibility is observed as a function of an external dc field. The results of magnetization relaxation
experiments carried out in the 0.39@.700 K range are presented. These data are combined with the ac
susceptibility data taken at higher temperatures to give an Arrhenius plot of the logarithm of the magnetization
relaxation rate versus inverse absolute temperature. The temperature-dependent part of this plot gives an
activation barrier of 11.8 K. Below 0.6 K the relaxation rate is independent of temperature with a rate of 3.2

x 1072 s71, This S= 9, single-molecule magnet exhibits a tunneling of its direction of magnetization at a
rate of 3.2x 1072 s71 in the 0.394-0.600 K range. Thus, resonant magnetization tunneling is seen for a
half-integer-spin § = 9,) ground-state magnet in the absence of an external magnetic field. The transverse
component of the small magnetic field from the nuclear spins is probably the origin of this tunneling.

Introduction due to long-range ordering of spins. Considerable research is
The unusual magnetic properties of single-molecule magnetsd're(.:ted at studying smgle-mqlecule mggnets N orpler to
elucidate how quantum-mechanical behavior observed in these

have been the focus of considerable research. A single-molecule lecul derl lassical behavior at th iclscal
magnet is a molecule that has an appreciable potential-energ)}go ec%efhun er _|ets c_astglca fe awortg i err]na(I:roscoplc ﬁae.
barrier for reversal of the direction of its magnetic moment. econd, the miniatunization ot magnetic tecnno'ogy as weill as

The barrier results from a high-spin ground state exhibiting the rapid growth of high-speed computers has fueled research

significant magnetic anisotropy. Large negative magnetic in the field of nanoscale magnetic mate_nélsSmce each
anisotropy Dé}) is experienced by each molecule as a result molecule C.OUI(.j store one bit of mform_anon aqd a typical
of axial zero-field splitting of a high-spin ground state. At low molecuile size is 10 A, large amounts of information could be
temperatures the spins of the molecules sluggishly flip from stored. ]

“up” to “down” along the magnetic anisotropy axis and therefore _ At present only a few single-molecule magnets are known.
slow magnetic relaxation is observed. Single-molecule magnets Taft et al® and Papaefthymidiemployed Mssbauer spectros-
are of mterest for several reasons. First, they display magnetic (1) (a) Awschalom. D. D Di Vincenzo, D. Phys. Todayl995 48
properties such as slow magnetic relaxation and quantum-43p) eslie-Pelecky, D. L ; Rieke, R. [Ehem. Mater1996 8, 1770.
mechanical tunneling as studied in macroscopic iron oxide single (c) Gunther, L.Phys. World199Q December 28. (d) Awschalom, D. D.;

domain particles (3100 nm), where the magnetic response is Di Vincenzo, D. P.; Smyth, J. F5ciencel992 258 414. (e) Stamp, P. C.
E.; Chudnosvsky, E. M.; Barbara, Bit. J. Mod. Phys1992 B6, 1355. (f)
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magnet-38 All of these Mn, complexes exhibit magnetic
hysteresis loops. A second family of Mn clusters with a [fn
Mn''30sX]%+ core has been reported to display frequency-
dependent out-of-phase magnetic susceptibility peaks, a property
indicative of the slow magnetic relaxation of single-molecule
magnets?~#* Finally, Barraet al*> have reported that the ferric
complex [FgO(OH).o(tacn}]® (5), where tacn is triazacy-
clononane, functions as a single-molecule magnet based on slow
magnetic relaxation observed in ac susceptibility arigdbauer
studies.

Of all these single-molecule magnets, [MD1(O,-
CCHg)16(H20)4]-4H,0-2HO,CCH;s (1), also referred to as Mpr
Ac, is the most thoroughly studied. Recently resonant magneti-
zation tunneling has been observed for it (1)1820a Mny
complex?? and Fg (5).4¢ Steps were observed at regular inter-
vals of magnetic field in the magnetization hysteresis loops for
oriented-crystal samples. The observed steps in the hysteresis
loop correspond to an increase in the rate of decrease of mag-
netization occurring when there is alignment of energy levels
in the two halves of the potential-energy plot for a single-mole-
cule magnet. In addition, a temperature-independent rate of re-
laxation was observéélbelow 0.400 K for the Recomplexb.

In this paper, evidence of resonant magnetization tunneling
is presented for a third single-molecule magnet, JBCI(O,-
CCHg)3(dbm)] (6), where dbm is the monoanion of diben-
zoylmethane. Previously, compl&was reportetf to have a
well-isolatedS = 9, ground state that is split by axial zero-
field splitting, |D| ~ 0.4 cnTl. Frequency-dependent out-of-
phase ac susceptibility peaks were reported for a microcrystalline
sample of complex, indicating slow magnetic relaxation. Out-
of-phase ac susceptibility signals were also seen for a frozen
solution of complex6. Therefore, the origin of the slow
magnetization relaxation was deduced to be single-molecule
anisotropy, rather than long-range ordering of the spins of
molecules. In this paper, high-field EPR data are presented for
complex6 that confirm the magnetic anisotropy in this system.
Considerable data are presented to conclusively establish that
complex6 is a single-molecule magnet. Furthermore, definitive
hysteresis loop and magnetization relaxation data are also
presented to show that this half-integer-spin molecule exhibits
guantum mechanical tunneling of the direction of its magnetiza-
tion.
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Experimental Section

Sample Preparation. An analytically pure sample of [Mi®sCl- Mo
(O,CCHg)s(dbm)], complex6, was prepared according to the literature / ‘\
method*34f o, N

Physical Measurements. Magnetization data were collected on a l% \‘
Faraday magnetometer equipped with3de cryostat capable of ¥ Ml { - May

achieving temperatures as low as 0.35 K. The operating field range is H

—50 to 50 kOe. Alternating current (ac) magnetic susceptibility =

experiments were carried out on a Quantum Design MPMS2 SQUID C

magnetometer equipped with a 10 kOe magnet. The ac field strength

can be varied from 0.001 to 5 Oe at frequencies ranging from 0.0005 Where the M# ---Mn'!! interactions are antiferromagnetit

to 1512 Hz. The temperature can be varied from 1.7 to 400 K. —23.4 cnr?) and the MH'---Mn'" interactions are ferromagnetic
Magnetization hysteresis loops were measured on an oriented single(J = 8.3 cnt1). The dominant antiferromagnetic Mm:-Mn'!'-

crystal (63ug) of [Mn4OsCI(O.CCHs)s(dbm)] (6). The crystal was  exchange interactions force the spins on the''Mans to be

first added to eicosane (12 mg) and aligned in a 55 kOe field. The antiparallel to the spin on the Mhion. TheS = %, ground

temperature was then raised above the melting point of eicosane (312 state is very well isolated with the lowest energy excited state

318 K), held there for 20 min, and then reduced to room temperature at 180 cnrl higher energy@f Large magnetic anisotropy was

to set. The resulting wax cube contained one crystal oriented suche ident from fitting of maanetization data collected on a
that the axial magnetic anisotropy (easy) axis of the molecule is parallel Vi iting gnetizatl

to the applied magnetic field. Hysteresis measurements were carriedr‘mc"ocry_Stalllne sa_mplt_a. S'_nce the Mn qtoms are eZ(Change

out on the resulting oriented crystal in the temperature range 0.4 to 2.2 coupled in6, the axial single-ion zero-field interactionB %)

K, while sweeping the field from 20 te-20 kOe and back to 20 kOe.  present at each Mhion give rise to an axial zero-field splitting
Ac magnetic susceptibility measurements were made on oriented for the S = 9, ground state of the molecule. The variable-

microcrystals (14.4 mg) of [MiDsCl(O;CCHs)s(dbm)] (6). The field magnetization data fd could be equally well ft3f with

microcrystals were aligned in a 55.0 kOe field and set in eicosane as either a positiveD parameter@ = +0.45 cn1?) or a negative
described above. Ac susceptibility data were measured as a functionpne O = —0.35 cnrl). The sign of theD parameter is
of temperature at different settings of a dc field. The ac field amplitude definitively determined in this work.

was 1 Oe, oscillating at a frequency of 1000 Hz. Hi -
o gh-field EPR (HFEPR) spectra were taken for [MaCl-
High-field EPR spectra were recorded for [MRCI(OCCHy)s- (O2CCHg)3(dbm)] (6) that unequivocally confirm that the sign

(dbm)] (6) at the National High Magnetic Field Laboratory, located . . . . -
at Florida State University. The high-field EPR spectrometer is capable of D is negative. Unlike magnetic susceptibility data that are

of achieving fields up to 14.5 T in the temperature range-68@0 K a bulk property reflecting a Boltzmann population of states,
and is equipped with several sources for generating radiation in the direct transitions between states are seen in an EPR experiment.

millimeter and sub-millimeter range. In this work, a Gunn diode Changes in relative intensities of EPR peaks reflect changes in
operating at a fundamental frequency of Ht@ GHz was used. The  Boltzmann populations and can be used to directly determine
operating frequency range is 110 to 550 GHz. Frequencies betweenthe sign ofD. An X-band (9 GHz) EPR spectrum has been
220 and 550 GHz were obtained by using a solid-state harmonic reported3f previous]y for a frozen toluene g|ass of Comp@x
generator that multiplies the fundamental frequeniog,,(110 GHz) At 5 K, three broad signals are seergat 1.96, 5.2, and 11.0.

and high pass filters to filter out the lower frequency harmonics. For At higher temperatures, the signals became even broader. This

example, if a 220 GHz filter is used, the 110 GHz component is blocked, - - e - I
but the higher harmonic frequencies (e.g., 330, 440 GHz, etc.) passX b.and spectrugn is difficult to interpret because (lzom{ﬂ .S
a high-spinS = 9, ground state an{D| = 0.4 cnt! which is

through?®® A modulation frequency of 8.00 kHz and a modulation
amplitude of 2.5 mT were used. The field was swept at a rate of 0.5 Cl0Se to the energy of the X-band EPR frequency. )

T/min in the 0 to 13 T range and 0.3 T/min in the 13 to 14.5 Trange.  1he obvious advantage of HFEPR (+1860 GHz) in probing

A microcrystalline sample was studied. Because of the large external molecules with large-spin ground states is that more transitions
field and the sample’s predisposition to orient in a field, the resulting are seen and therefore the HFEPR spectra are considerably more
EPR data are pseudo-single-crystal spectra. That is, all of the smallinformative. Fine structure, that is, a series of relatively
crystallites in the sample were aligned in the large field and only the constantly spaced transitions, is seen due to the zero-field
g EPR spectrum is observed. The magnetic field was calibrated by gp|itting of the ground state. In principle, the spin of the ground
adding a small amount of DPPH to the sample. Data were also state can be determined by simply counting the number of

collected on a powdered sample of compéethat was pressed into a transitions observed in such a series and dividing by 2. The
pellet to prevent the crystallites from rotating in the applied magnetic

field. sign of the zero-field splitting parametBrcan be determined
by observing the temperature dependence of the peaks compris-
Results and Discussion ing the fine structure. With inclusion of only axial zero-field

. . . splitting, the spin Hamiltonian for & = %, complex can be
High-Field EPR Measurements. The single-crystal X-ray  \yritterf32 as

structure of complexé has been reporteéd®f Complex 6
crystallizes in the monoclini®2,/n space group witlZ = 4. N - a2_ 1

The molecule has the trigonal pyramidal [MKIn' ;0:CIJ&* H=qug H-S+ D[S, ~ 7SS+ 1)] (1)
core pictured below. AC; symmetry axis runs through the Mn
and Cl atoms and defines the magnetaxis of each molecule.
The four molecules within a unit cell are canted at an angle of
8.97 with respect to one another. Magnetic susceptibility data
have established that the spin of the ground statg s %5,

In the high-field limit where ggH, > (2S — 1)D the spectrum

for aS= 9/, complex can be interpreted readily. The resonance
field at which an EPR allowed transition fromN state to a
(Ms + 1) state occurs is given in eq 2,

(47) (a) Loss, D.; DiVincenzo, D. P.; Grinstein, G.; Awschalom, D. D.; H, = (gJ/9)[H, — (2M, + 1)D’] (2)
Smyth, J. FPhysica B1993 189, 189. (b) Di VincenzdPhysica B1994
197, 109.

(48) Barra, A-L.; Brunel, L.-C.; Gatteschi, D.; Pardi, L.; Sessoli, R. WhereD' = (3 co$ 6 — 1)D/(2geus) and6 is the angle between
Submitted for publication. the external magnetic field and the anisotropy axis (i.e.Ghe
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-5/2 Figure 2. High-field EPR spectra for an oriented microcrystalline
712 sample of complex collected at 327.9 GHz and temperatures of 10
M= -9/2 and 30 K.
0 5 10 15 20 . - .
HT] amount of diphenyldipicrylhydrazide (DPPH) to the sample.

Such quasicrystal spectra were collected for JECI(O,-

Figure 1. Plot of the energy vs the external magnetic field (H) for the CCHg)s(dbm)] (6) at several frequencies (218.6, 327.9, and
10 zero-field split components of t&= 9%, ground state. The axial ~ 437.2 GHz) at temperatures of 10 and 30 K. In Figure 2, the
zero-field splitting,DS7, is characterized b = —0.53 cm* andg spectra taken at 327.9 GHz for compléat temperatures 10
=1.998. In the upper par_t of the figurg, th(_e magnetic f_ielc_l is oriented gnd 30 K are shown. At 10 K, five sharp peaks are seen
parallel to the principal axis of magnetic anisotropy, while in the lower ,oyean 7 and 12 T. Each resonance corresponds to a transition
part of the figure the magnetic field is oriented perpendicular tazthe from one|SM4Zero-field level to another for tH8= %, ground

axis. '
state. The resonance at the lowest field corresponds to the
transition from theMs = —9%, to the Ms = —7/, state. The
axis of complex6). For the parallel transition®)(= 0°), the resonances that follow, en suite, correspond tothle— —5/5,
peaks are separated byD?2 while for the perpendicular =%, — =%, -3, — =1/, and =Y, — %, transitions,

transitions ¢ = 90°), a spacing oD’ is observed. As shown  respectively. The relative intensities of the peaks directly reflect
in Figure 1, when the magnetic field is oriented either parallel the Boltzmann populations of the states. As temperature is

or perpendicular to th€; axis of complexg, nine AMs = £1 increased, higher energy states are populated and therefore
allowed transitions are expected. In this figure the energy of additional transitions are observedragherfields. Thus, the
each of the zero-field split components of tBe= %, ground spectrum run at 29.9 K (Figure 2) shows seven fine-structure
state is plotted as a function of field for the case wigpre 2 peaks up to the field limit of the spectrometer. It can be

andD = —0.5 cnt!. The transitions expected at a frequency concluded thaD is negative.
of 327 GHz are shown. Clearly, the separations between the HFEPR spectra collected for a pellet of compkurther
parallel transitions are twice those for the perpendicular transi- substantiate that the sign bfis negative. In this case there is
tions. Nine parallel transitions will be seen in the EPR sectrum a random orientation of molecules relative to the external field
when there are molecules populating all of the states from the direction. The microcrystals were pressed into a pellet. The
lowest energy state withls = —9%; to the highest energy state  powder HFEPR spectrum collected at 4.4 K with a frequency
with Ms = %,. At low temperature where all of the molecules of 327.6 GHz is available in the Supporting Information. At
are in theMs = —9%, state, then only théls = —%, to Mg = 4.4 K, three distinct sets of peaks are seen in the field range of
—7/, transition is observed. For a parallel field orientation 6.92-9.62 T, a second group of three peaks in the 10 BB27
(Figure 1, top) wheD < 0, this—9, to —7/, transition is seen T range, and a third group of three peaks in the £t3.86 T
at the lowest field position. 1D > 0 for aS = 9, complex, range. The three peaks seen in the 6:952 T region are the
then the—9%, to —7/, transition occurs at the highest field ones seen in the quasicrystal spectra. The separations between
position in the fine structure series. Thus, by observing the the peaks seen in the 6:99.62 T region are~1.4 T, while
temperature dependence of a series of fine structure peaks, théhe separations are0.7 T for the other two groupings of three
sign of D can be definitively determined. peaks. Since the separation between the parallel peaks is
HFEPR spectra were recorded for a microcrystalline sample expected to be twice as large as the separation between the
of [Mn4O3CI(O,CCHg)3(dbm)] (6). Due to the large magnetic  perpendicular transitions, it can be concluded that the peaks in
anisotropy exhibited by this complex together with the large the 6.92-9.62 T region are the parallel field transitions, while
fields employed, the microcrystals orient in the field and the peaks observed at the higher fields in the powder spectrum
therefore the resulting EPR spectrum is for the case where theare due to the perpendicular transitions.
easy axis (i.e., axis of largest magnetic susceptibility) of each  Quasicrystal EPR spectra for magnetic field aligned micro-
microcrystal is aligned parallel to the external magnetic field. crystals were also collected at different frequencies and different
The net result is that thesGxes of individual molecules are  temperatures. In Figure 3 are shown three spectra recorded at
canted by 4.4%9relative to the direction of the external magnetic 30 K for frequencies of 218.6, 327.9, and 437.2 GHz. At 218.6
field. The magnetic field was calibrated by adding a small GHz, two sets of signals are seen, one set resulting from a
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3.0 T T Table 2. Pseudo Crystal High-Field EPR Transition Fields for
i ] [Mn405CI(O,CCHg)3(dbm)] (6) at 327.9 and 437.2 GHz
25r 4372 GHz | transition field, H [T]
20 r_ | transitions 327.9 GHz, 327.9 GHZ 437.2 GHz,
| ] Ms—Ms+1 30K, H(upp 10K, H(up) 30K, H(down)
S 15| e18CHz i —9p— —T/, 6.988 6.918 10.8 (w)
g | . A% ] —Tly— =51, 8.383 8.379 12.2 (w)
— ol ] =S, — =3, 9.604 9.630 13.4 (w)
| =3, — =1, 10.711 10.735
S —Yp— 1, 11.763 11.78 (w)
=0T 1 Y, —3, 12.808
g I 3/, — 5, 13.89 (wp
0.0 .
L f) ] a Direction in which the field was swept: down means the field was
05| 2188GHz | swept from high field to zero and up means from zero to high field.
' b (w) means a low intensity peak.
-1.0 : L L
0 5 10 15 16 ' '
HIT] el ]
Figure 3. HFEPR spectra for an oriented microcrystalline sample of
complex6 collected at 30 K for frequencies of 218.6, 327.9, and 437.2 121 |
GHz. In the spectrum taken at a nominal frequency of 218.6 GHz,
transitions due to both 218.6 GHzY and 327.9 GHz (*) are also o
seen. —1or 1
. . " . =
Table 1. Pseudo Crystal High-Field EPR Transition Fields for — g [ i
[Mn40sCI(O,CCH)s(dbm)] (6) at 218.59 GHz and Temperatures of -
29.3 and 9.99 K [
transition field, H [T] 6 T
218.6 GHz, 327.9 GHZ 4l |
transitions 29K, 29K, 218.6 GHz, 327.9 GHZ
Ms— Ms+ 1 H(downp  H(down) 10K, H(up) 10 K, H(up)
9, ——7l, 3.042 6.929 3.054 6.82 (W) 2.0 5 0 5
—Tl,— 5/, 4.434 8.319 4.468 8.36 (W)
—5,——3, 5649 9.542 5.712 9.63 (W) 2M+1
:32 : 1_/ "2 ?57383 ﬂ%g gggl 10.73 (W) Figure 4. Plot of the resonance fields at which transitions occur plotted
1/2_,3/2 8.867 12'751 ) versus the value of (@ + 1) taken from the pseudo-single-crystal
2 2 . .

3 .5 HFEPR data collected for compléxat frequencies of 220, 330, and

fo—">  995(wp 1387wy 440 GHz and temperatures of 10 and 30 K. The solid line is a least-
a Direction in which the field was swept: down means the field was squares fitting of these data to eq 2 whére 0. The fitting parameters

swept from high field to zero and up means from zero to high field. are described in the text.

b(w) means a low intensity peakPeaks resulting from 327.9 GHz

while using the 220 GHz high-pass filter. 1.05, 1.04, and 1.08 T. With increasing field, the separation
decreases and then begins to increase again.

To accommodate the data, the quartic zero-field interaction
term B,2O,% was added to the spin Hamiltonian to giveq 3:

microwave frequency of 218.6 GHz-§ and the other set due

to the 327.9 GHz«) frequency. High pass filters are used to
adjust the frequency and block out lower harmonic frequencies,
but not higher harmonic frequencies. In comparing the spectra o - &2 _ 1 0A O

at the different frequencies it is observed that with increasing H=qugH-S+ D[S, = 1SS+ D]+ B0, (3)
frequency, the transitions are shifted to higher fields. A where Q0 = 3554 — 305S + 1)52 + 2552 + 69(S + 1)
complete list of the resonance fields at different temperatures p¢or some algebraic manipulations, the resonance field for a

and frequency is available in Tables 1 and 2. L .
. . . arallel transition from &/ state to alfls + 1) state is expressed
By using the quasicrystal EPR data, the resonance field atp s Ws+1) P

which the transitions occur was calculated with eq 2. Since

the molecules are canted at 8298ith respect to each other, Oe o o

the angled between the external magnetic field and raxis H=—[H,— @M+ 1)(D' + 258, — 3095+ 1)B,") —

of each molecule is 4.49 In Figure 4 the resonance fields 9 o 3 )

(H,) at which transitions are seen are plotted wgI{2 1) for 358, (4Mg” + 6MS” + 4M + 1)] (4)
the different temperatures and frequencies at which data were ! .

collected. If aS= 9, ground state is assumed, least-squares where,Bs? = (B4%/20e ug)(3 cog 6 — 1). Since the ground-
fitting of these data to eq 2 leads to a reasonable fit \gith state spin isS= %, eq 4 can be further simplified to give:
2.0 andD’ = —0.57 cntl. Sinced = 4.49, this gives the

value ofD = —0.54 cnT. However, the data fall on a curved H, = e [H, — (@M, + 1)(D’' — 717_5340’) — 35540’(4'\/'53 4
line, while eq 2 predicts a straight line. The transitionsrast g

seen at a constant interval of field. For example, at 327.88 GHz 6MZ + 4M, + 1)] (5)
and 29.9 K transitions are observed at 6.99, 8.38, 9.60, 10.7,

11.8,12.8,and 13.9 T. The corresponding separations betweeriThe resonance field data obtained at 220, 330, and 440 GHz
these peaks are, starting at the lowest field, 1.39, 1.22, 1.11,were least-squares fit to eq 5 to give a very good fit vgth
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Figure 5. Plot of the resonance fields at which transitions occur plotted
versus the value of {@s + 1) taken from the pseudo-single-crystal
HFEPR data collected for compléxat frequencies of 220, 330, and
440 GHz and temperatures of 10 and 30 K. The solid line is a least-
squares fitting of these data to eq 5. The fitting parameters are described
in the text.

dM/dH [emux 10 "2/ T]

2.00,D' = —0.57 cnt! andB,°=-7.8 x 1075 cm™. Since#
= 4.49, this gives the values dd = —0.53 cn* andB,° = Figure 6. (Top) Magnetic hysteresis loops collected on an oriented
—7.4x 10> cm The fitis plotted in Figure 5. These results  gingle crystal of comple in an eicosane matrix at temperatures of
may be compared with the recently published HFEPR data on 9,900 0), 0.706 @), 0.530 () and 0.426 K ). The magnetic moment
[MN12015(02CCHg)16(H20)4] -4H20-2HO,CCH;s (1), where the of the crystal was first saturated in a field of 20 kOe at the desired
reported parameters age= 1.93,D = —0.46 cntt andB? = temperature. Magnetization data were then measured while sweeping
—2.2x 105cm13t the field at a rate of 33 Oe/s from 20 kOe+@0 kOe and back. In the

Magnetization Hysteresis Loops. Recently, magnetization bottom of the figure is a'plo't of the first derivgtive of 'magne'tic moment
hysteresis loops (M vs H) have been repoted for (dM/dH) versus magnetic fleld_. Peaks seen in the_ first der|vat|ve_ plots
[Mn 1:01(O0,CCHg)16(H20)e] -4H,0-2HO,CCHs (1). Steps were correspond to the fields at which steps are seen in the hysteresis plots.
seen at constant intervals of field. Steps were also obs#rved
in the hysteresis data for Feomplex5. These steps in  [Mn4O3CI(O.CCHs)s(dbm)] (6). Resonant magnetization tun-
magnetization are due to a sudden increase in the decay rate ofeling in complex6 is of particular interest, because it has a
magnetization occurring at specific field values and have been half-integer ground stat& = %, and it is appreciably smaller
attributed®-2946to field-tuned resonant magnetization tunneling. in size than the Mg complex. Evidence for magnetization
Complex1 has appreciable uniaxial magnetic anisotropy caused tunneling in the Mg complex6 is presented in the form of
by a relatively large axial zero-field splittin@(= —0.46 cnt?) hysteresis loops, magnetization decay, and ac susceptibility data.
of theS= 10 ground state. There is a potential-energy barrier Magnetization hysteresis data were obtained on au§3
for an individual molecule ofl to change the direction of its  platelike single crystal41 x 1 x 0.1 mm) of [MOsCI(Oy-
magnetization from “spin up” to “spin down”. In zero field, CCHg)s(dbm)] (6) at five different temperatures between 0.426
molecules must either climb over or tunnel through a potential and 2.21 K employing a Faraday magnetometer equipped with
energy barrier of heighDS2. In the presence of a field, the  a3He cryostat. The single crystal was oriented in eicosane such
double well is no longer symmetric, and in a positive external that the axial anisotropy axis of the molecule is parallel with
field the Ms = —10 state becomes the ground state while the the external field (see physical measurements section for details).
Ms = 10 state is higher in energy. At high field (30 kOe), the The sample was cooled to the desired temperature in a field.
magnetization is saturated and all of the molecules are in the After saturating the momenMsa= 2 x 1073 emu) at 20 kOe,
ground Ms = —10 state. As the field is decreased, the the field was swept down te-20 kOe and then back up to 20
metastableMs levels in the left-hand well become closer in  kOe at a rate of 33 Oe/s. Each hysteresis loop took 40 min to
energy with the—Ms levels in the right-hand well and at zero  measure. At 2.1 K no hysteresis is seen. In the top of Figure
field the wells are symmetric. The first step in the hysteresis 6 is plotted the magnetic moment vs external field Hysteresis
loop is observed at zero field due to the surge of molecules |oops are observed at 0.90D)( 0.706 @), 0.530 () and 0.426
tunneling between energetically degeneralds andMs levels. K (m), where four steps are clearly evident in each of these
Six additional steps were obserd&t® when the field was  hysteresis loops. The first derivative of the magnetic moment,
reversed in direction and swept out 680 kOe. The steps  dM/dH, is plotted versus the external fiektlin the lower part
result when théSMs[lguantum states in the left-hand-side well of Figure 6. At 0.426 K M), as the field is reduced from 20
become degenerate in energy with {Be-Mst+n(states inthe  kOe a sharp drop in magnetization to 0:2 102 emu is
right-hand-side well (where = integer), thus allowing mol-  observed aH = 0. When the field is reversed in direction and
ecules to tunnel through the barrier. swept to—20 kOe, another smaller step is seen-&4 kOe.

In the following sections, evidence of field-tuned magnetiza- Similar steps are also apparent when sweeping the field from
tion tunneling is given for a third single molecule magnet, —20 kOe to 20 kOe. It is interesting to note that the
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24

described the single crystal was first put in a large field of 20
kOe. In this field theMs = —9%; level (spin aligned with the

16 field) is stabilized considerably in energy relative to e=
— 9, level. When the magnetization becomes saturated, all of
o 08 the Mn, molecules populate only thsls = —%, level. A
P decrease of the field from 20 kOe to zero changes the energy
g 00 of theMs = —9, level such that at zero field thds = —9, and
2 Ms = % levels have the same energy. To maintain equilibrium,
§ 08 50% of the molecules should be in thy = —9%; level, with
5 the other 50% in thd/s = %, level when only these two levels
= 161 are populated at low temperatures. Classically, if a molecule
_24 is to convert from thevis = —9%, level to theMs = 9, level it

would have to go over the potential energy barrier for reversing
the direction of magnetization. This may not be possible at
the lowest temperatures. As the field is swept from 20 kOe to
zero, then to—20 kOe, the magnetization of the collection of
Mns molecules reverses direction. The fact that there is
hysteresis is a reflection of a kinetic control of the rate of change
of magnetization. A hysteresis loop becomes large, i.e., it has
a larger coercivity, at lower temperatures because there is less
thermal energy available for a molecule to go over the barrier.
The steps seen in the hysteresis loop are due tprivblecules
converting from “spin up” s = —9%,) to “spin down” Ms =
9/,) by quantum mechanical tunneling. The rate of tunneling
becomes appreciable when the energies of two levels on opposite
H[T] sides of the barrier become equal. Thus, when the field is
Figure 7. In the upper part of the figure are plotted magnetic moment decreased from 20 kOe to zero, the energies oMbe= —9,
versus field data for a single oriented crystal of com@éxan eicosane and ¥, levels become equal and many Mmolecules tunnel

dM/AH | emu x 10°%/T ]

0.5 L L L s
-1.00 -0.75 -050 -025 000 025

matrix at 0.426 K for sweep rates of 6&), 33 @), or 6.6 Oe/s @). from “spin up” to “spin down”. At slower and slower rates of
In the lower part of the figure the first derivative of magnetic moment sweeping the field more time is spent at zero field and more
(dM/dH) is plotted versus field. and more molecules can tunnel. Eventually, if enough time is
spent at zero field enough molecules will tunnel so as to give
hysteresis loops observed at 0.426 M) (and 0.530 K ¥) equal populations of molecules in thés = —%, and¥, levels
overlap. The small deviation in the-& kOe range on the  and the magnetization of the crystal would go to zero.
sweep from—20 kOe to+20 kOe may be due to an artifact in DC Magnetization Decay Experiments in a Field. The

the measurement at 0.426 K. To change the direction of the influence of an external dc field on the rate of change of
field, a switch is manually flipped at zero field that changes magnetization was examined further. It was of interest to see
the polarity of the current. Due to rapid magnetic relaxation at \whether turning on a dc field would increase or decrease the
H = 0, small variations in the time spent at low fields are seen rate of magnetization change. At 0.706 K, dc magnetization
to have an effect on the subsequent data. The overlap of thedecay data were collected at zero field and-8t034 kOe on
two lowest-temperature hysteresis loops (0.426 and 0.530 K) the same oriented single crystal of [M@CI(O;CCHg)s(dbm)]
indicates that the relaxation behaviors at these two temperaturege). The magnetization of the crystal was first saturated in a
are the same. This is not surprising in light of the fact that we 20 kOe field at 0.706 K followed by the reduction of the field
have found that below 0.600 K the relaxation rate is independentto zero or—3.034 kOe at which point magnetization measure-
of temperature (vide infra). At 0.706 Ka) and 0.900 K ©), ments were commenced. In the upper part of Figure 8 magnetic
only the step seen at zero field is visible. However, the step at moment vs time data collected at either zero i@l ¢r —3.034
H = 0 is less steep for the 0.706 and 0.900 K loops than for kOe (©) are plotted. It is clear that the rate of magnetization
the other two. This is an indication that the resonant magnetiza- relaxation is faster when the field is zero, than when #8034
tion tunneling is thermally assisted. At the higher temperatures, kOe. Thus, the~—3 kOe field leads to a misalignment of
quantum tunneling may be occurring in the excited stéites energy levels and this minimizes resonant magnetization tun-
—'ly = Tly, =%l = ¥y, ..., etc.). neling. The magnetization decay data shown in Figure 8 at a

Experiments were carried out in order to see if the amplitudes given temperature are not well accommodated by a single-
of these steps observed at field values 0f-6,4, and 5.4 kOe  exponential decay curve. We shall return to an analysis of these
are dependent on the sweep rate of the magnetic field. Onerelaxation data later. The relaxation time -a8.034 kOe is
leg of the hysteresis loop was measured at 0.426 K from 20 |arger than that at zero field contrary to classical behavior, which
kOe to—20 kOe at sweep rates of 6&), 33 (0), and 6.6 Oe/s  predicts a decrease in relaxation time with increasing field. In
(®@). The resulting moment v data are plotted in the top of  the classical limit, as the field is increased the relaxation time
Figure 7. Two observations were made: first, the fields at of a molecule decreases due to the reduction in activation barrier
which the steps occur are independent of sweep rate as seen ifieight. The activation barridt) as a function of fieldH is
the first derivative plots at the bottom of Figure 7; second, as giverf2in eq 6
the field is swept at a slower rate the magnetization step is larger
at zero field, but smaller at 5.4 kOe. U=U (1 _ ﬂ)z ©)

The above observations of steps on magnetization hysteresis 0 Ho
loops and the sweep rate dependence of the step heights can be
qualitatively explained at this point. In the experiments whereUyis the magnitude of the classical energy barriz®g)
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Figure 9. In the upper part of the figure the out-of-phase ac magnetic
susceptibilityy''m is plotted vs temperature as determined for oriented
crystals of complex6 in an eicosane matrix at different settings of an
external dc field: 0@), —250 @), —768 (#), —1000 @), and—2031

time [ s ] Oe (x). To avoid congestion, the higher dc field data are plotted in
Figure 8. Plot of moment versus time (upper panel) and of natural the lower part of the figure for dc field values 65000 @), —5400
logarithm of moment vs time (lower panel) collected at either zero (&), ~5559 @), —5934 ), —6565 (¥), and—7013 Oe ). For all
field (W) or at—3.034 kOe ©). The magnetization of a single oriented Measurements the amplitude of the 1000 Hz ac field was 1 Oe
crystal of comple6 in eicosane matrix was first saturated in a field of ~ ©Scillating.
20 kOe at 0.706 K. The field was then reduced either to mjm( to

—3.034 kOe ©), whereupon magnetization measurements were made. 4 field. the width and height of an out-of-phagéy peak is

In the lower part of the figure the data are least-squares fit to astretchedstrongh} dependent on spifiattice relaxation and is not easy

single-exponential decay. to predict. Second, the out-of-phase peaks shift to either higher
or lower temperatures at different dc fields. The shift in the

in zero field andHo = 2Uo/gusSis the field at which the barrier  temperature at which a peakitim occurs can be explained in

-15
0

120 240 360

disappears. WheH, > H, then terms of resonant magnetization tunneling. In zero field a sharp
out-of-phase peak is observed with a maximum at 1.91 K. Upon
U= Uo(l _ E) @) increasing the field to-768 Oe, the temperature for thyéy
Hg peak shifts tohigher values. They''y vs T data collected at

—768 and—1000 Oe overlap and at higher fields the maximum
However, the decrease in the relaxation rate with the addition in the "'y peak shifts tdower temperatures. As the field is
of a field of —3.034 kOe is consistent with the presence of field- changed from-2031 Oe to—5934 Oe, the/''m peak continu-
tuned resonant magnetization tunneling. As can be seen inously shifts to lower temperatures. Betweeb934 Oe and
Figure 6, at zero field a large step is seen in the hysteresis loops—7500 Oe another reversal occurs, shifting #fe peak to
due to resonant magnetization tunneling between energeticallyhigher temperature. In summary, the temperature corresponding
degenerate-Ms and +Ms levels. At—3.034 kOe, levels are  to the maximum in the out-of-phase ac peak is plotted versus
no longer matched up in energy and tunneling is minimized. dc field in Figure 10. If only a thermally activated process was
Therefore, in order for molecules to relax they must climb over involved, a monotonic drop in temperature should be observed
the barrier through a thermally activated process and the with increasing field as a result of the reduction in activation
relaxation time is longer. barrier height as a function of field [eq 7]. However, two dips

Ac Relaxation Data in a Dc Field. Field-tuned magnetiza-  in temperature are seen, one at zero field and the otheb &

tion tunneling is also in evidence in the dc field dependence of kOe. These dips occur at essentially the same fields where steps
the ac susceptibility data for [M®3CI(O,CCHg)s(dbm)] (6). in the hysteresis loops are observed (i.e—86,4 kOe). ltis at
Ac magnetic susceptibility data were collected as a function of these fields where there is an alignment of energy levels between
temperature with the ac field oscillating at 1000 Hz for different the two parts of the double well and resonant magnetization
dc fields between 1.0 andg9.0 kOe. A collection of micro- occurs. When this occurs the ac peak moves to lower
crystals oriented in eicosane was used for these experimentstemperatures because tunneling is facilitated, effectively reduc-
In the upper part of Figure 9, the out-of-phase components of ing the barrier for changing the direction of the magnetization.
the ac susceptibilityy''y are plotted vs temperature at five Temperature Dependence of Magnetization Relaxation
different dc field values in the 0 t62031 Oe range. To avoid Rate in Zero Field. Magnetization decay experiments were
congestion in the figure, thg'y data obtained with a dc field  carried out in the temperature range of 0.700394 K on a
in the —5000 to—7013 Oe range are plotted in the lower part Faraday magnetometer. These measurements were performed
of Figure 9. Two observations can be made. First, with on a single crystal (63g) aligned in eicosane such that the
increasing field the magnitude of th&y peak decreases. Ina molecule’s magnetic anisotropy axis was parallel with the axis
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3.0 . . . : Table 3. Relaxation Fitting Parameters Resulting from
Least-Squares Fitting of Magnetization Decay Data for a Single
28 Aligned Crystal of Comple to a Stretched Exponential Decay
temp [K] relaxation timer [s] In(Mg) B
26 0.394 38 —6.6 0.75
0.458 26 —6.2 0.60
— 0.506 31 —6.6 0.73
v 24 0.60G 20 —6.9 0.72
: 0.70G 10 —-7.5 0.75
22 0.394 32 -6.5 0.62
: 0.428 31 —6.4 0.73
0.458 31 -6.5 0.68
2.0 0.508 28 —6.6 0.71
0.600 17 -6.8 0.65
0.708 5.3 -6.9 0.70
1.8 ' ' - ‘ 0.706 84 —6.6 0.66
-0.9 -0.7 -0.5 -0.3 -0.1 0.1
H[T] 2The decay in magnetization was measured in zero field after

saturating the sample in a field of 20 kO¥The decay in magnetization
Figure 10. Plot of the temperature for the maximum in the out-of- was measured in zero field after saturating the sample in a field of
phase ac susceptibility signgly versus the magnitude of the dc field  —20 kOe.c The decay in magnetization was measured in a field of
for a sample of oriented crystals of compléin an eicosane matrix. —3.034 kOe after saturating the sample in a field of 20 kOe.
The ac field had an amplitude of 1 Oe and was oscillating at 1000 Hz.

single-exponential decay lead to poor fits. Rather, the relaxation

6 ' ' ' ' ' profile is better characterized by a stretched exponential decay,

M = Mge V2° In(M) = In(M) — (t/7)® 8)

which describes a decay that is initially fast and then becomes
slower with time. In this equatioNly is the initial magnetiza-
tion, 7 is the average relaxation time, aBds the width of the
distribution. WherB = 1, the relaxation as a function of time
follows a single-exponential decay. The lines in Figure 11 are
fits to a stretched single-exponential decay as given in eq 8.
The relaxation timestf are 38, 26, 31, 20, and 10 s at 0.394,
0.458, 0.506, 0.600, and 0.700 K, respectively. In Table 3 are
listed values of IN{lp), 7, andB at all temperatures measured.
To ensure that the above magnetization relaxations were not
due to any instrumental drifts, these measurements were
repeated, this time saturating the magnetization in a field of
—20 kOe and then reducing the field to zero. The resulting
Figure 11. Plots of the natural logarithm of magnetic moment versus plots of the natural logarithm of magnetization vs time at each
time collected on a single crystal of compléxoriented in eicosane  temperature are plotted in Figure 12 along with the least-squares
matrix at temperatures of 0.70@), 0.600 (1), 0.506 @), 0.458 ©), fits to eq 8. The resulting relaxation times) @re 32, 31, 28,
and_ 0.394 K v). Satu_ratlon_ of the moment was first achleved_ at the 17, and 5.3 s at 0.394, 0.458, 0.506, 0.600, and 0.700 K,
?es'red temperature in a field of 20 kGe, followed by reducing the o0 qhively It can be concluded that the relaxation times are
ield to zero, and then measurements of the magnetization as a function . . -
of time were made. The data were fit to stretched single-exponential reproducible. Unfortunately, the relaxation times arg too short
decay curves as given in eq 8. at temperatures above 0.700 K to be characterized by dc
magnetization decay experiments.

The reason a stretched exponential is needed to fit each
of the external field (details in Experimental Section). Prior to magnetization decay data set is not totally understood. As can
collecting magnetization data, the single crystal was first cooled be seen in Table 3, the distribution parameBeranges from
to the desired temperature in an external field of either 20 or 0.60 to 0.75. It is relevant to note that the magnetization
—20 kOe. At|20] kOe, the magnetization of the sample is relaxation data for the MpAc complex 1 and for the Fg
saturated at a value 92| x 1073 emu. The field was then  complex5 also could not be fit to single exponentials. For these
reduced to zero+6 min) and the magnetization decay data were two complexes, the initial part of each relaxation data set was
recorded over time. Special attention was paid to random left out of the analysis. Even in the single crystal of complex
oscillatory drifts in magnetization due to the instrument. Two 6 there are likely distributions in the environment about,Mn
measurements performed at each temperature were found to beomplexes. Defect structures, such as crystallographic disloca-
essentially superimposable, thus eliminating the possibility that tions, are present and this leads to a distribution in zero-field
the decay is due to a random instrumental drift in magnetization. interaction paramete®, for example. Such a distribution in
Figure 11 gives a plot of the natural logarithm of magnetization D values obviously would produce a distribution in thermody-
versus time collected at 0.70®), 0.600 (0), 0.506 @), 0.458 namic barrier heights}S2). It is important to emphasize that
(©), and 0.394 K ¥). At all temperatures, the magnetization the conclusions that are made below from a plot of the logarithm
goes to zero in less than 2 min. Also, the relaxation curves of the relaxation rate versus the inverse absolute temperature
collected at 0.506, 0.458, and 0.394 K virtually overlap. are unaffected by using either stretched exponentials or the best
Attempts to fit the relaxation data at each temperature with a single-exponential fit to the data.

In(M)

time [ s ]
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In(1/7) vs 1IT data for temperatures in the range of 0.324K.
Clearly there are two different temperature regions, a thermally
activated region between 2.0 and 0.700 K and a temperature-
independent region between 0.700 and 0.394 K. The relaxation
rates measured at temperatures between 2.0 and 0.700 K were
least-squares fit to eq 9 to give an activation bartigrgf 11.8
Kandzo= 3.6 x 1077 s. Since we are fitting very few points,

the error in the parametet$ and o may be large. This is to

be compared with the barrier height calculated g®26- 10.6

cm! = 15.2 K, which is calculated by taking the spin of the
ground state a$ = 9, together with theD value obtained by
fitting the quasicrystal HFEPR data. With the limited amount

of data available the two evaluations of the anisotropy energy
are in reasonable agreement. The Arrhenius equation predicts
that for an activated process, as the temperature approaches 0
K, the relaxation rate should also approach zero. Interestingly,
below 0.6 K, the relaxation rate for complex becomes
independent of temperature withr1# 3.3 x 1072 s1. This

Figure 12. Plots of the natural logarithm of magnetic moment versus temperature-independent process must correspond to magnetiza-

time collected on a single crystal of compléxoriented in eicosane tion tunneling between the lowest degenerate levelsMbe
matrix at temperatures of 0.70@®), 0.600 {J), 0.506 K (@), 0.458 9, and= —9, levels.

(©), and 0.394 K ¥). Saturation of the moment was first achieved at Th it ianifi tfor t First
the desired temperature in a field 820 kOe, followed by reducing ese results are significant for two reasons. First, Bn

the field to zero, and then measurements of the magnetization as aCl(Q2CCHs)s(dbm)] (6) is the third single-molecule magnet
function of time were made. The lines are a least-squares fit of the that has been reported to display magnetization tunneling.

In(M)

time [ s |

data to a stretched single-exponential decay, eq 8. [MNn12012(02CCHg)16(H20)4]:4H,0-2HO,CCHs (1) and the Fg
complex5 are the other two molecules reporiétf to show
12 ' i ' T ' magnetization tunneling. The source of magnetic anisotropy

in complexedl and5 is zero-field splitting of the&s= 10 ground

state. For MmAc complex1,3! g,; = 1.93 andD = —0.46

. cm™1, and for Fg complex5,%° g,, = 2.04 andD = —0.191

cm~1 as determined by HFEPR measurements. Paatsali*

have reported that the relaxation rate for complellecomes

independent of temperature belowl.4 K with 1/ = 10 857!

or r = 3.2 years. However, caution must be exercised in

7 interpreting these results since the temperature-independent

relaxation time for compleX at low temperatures is so long

that it is not possible to determine it with any precision, due in

_ part to the existence of drift in the experimental apparatus. More

recently, resonant magnetization tunneling has been reported

for the Fg complex5.46 A temperature-independent rate was

observed below 0.400 K with a tunneling rate of & 104

04 08 1.2 1.6 20 24 28 s™L. This relaxation rate corresponds to a relaxation time of
DT K™ = 2.78 h.

Figure 13. Plot of the natural logarithm of the rate of magnetic moment Magnetization quantum tunneling in [MB;CI(O:CCHg)s-
relaxation (1¢) versus the inverse of temperatureT{ifor [Mn4OsCl- (dbm)] (6) can b_e e>_(pla|ned with the a_55|stance OT the pot_ent_lal
(O:CCHy)s(dbm)] (6). The line is a least-squares fit of the higher ~€Nergy diagram in Figure 14. In zero field, appreciable uniaxial
temperature data to the Arrhenius equation, eq 9. magnetic anisotropyS;?) due to the large zero field splitting
(D = —0.53 cn1?) of the S = 9, ground-state results in an

] anisotropy barrier for the flipping of spins of the molecules.
The relaxation data for [MiDsCl(O.CCHg)s(dbm] (6) were  Thys, in order for a molecule to flip its spin from “up” in the
examined to see if they could be fit to the Arrhenius eq 9 which \1_ = 9/, Jevel to “down” in theMs = —9, level the molecule

In(l/)

6 . I ! 1 I !

describes a thermally activated process: must either climb over the barrier or tunnel through the barrier
to the other side. Since in zero field tMg levels on the left-
i_1 X __U) 9) hand side of the barrier are degenerate in energy with the
T T KT negative Mg levels on the right-hand side well, resonant

magnetization tunneling is facilitated. A similar model has been

In this equationU is the activation barrier defined as the put forth to explain the origin of magnetization tunneling in
magnitude of magnetic anisotropic energdyis Boltzmann’s complexesl and5.

constant, and the attempt frequency isol/ Previously, The second point of significance associated with the observa-
relaxation times were determined for a polycrystalline sample tion of magnetization tunneling for compléxcenters around

of complex 6 in the 1.8-2 K region with ac magnetic  the spin of theS = 9, ground state of this Mpcomplex. In
susceptibility measuremertts. Ac susceptibility data gave  zero magnetic field, a molecule with a half-integer spin ground
relaxation times at 1.8, 1.9, d2 K of 3.2 x 1074, 1.6 x 1074, state should not be able to quantum mechanically tunnel. This
and 1.3x 104 s, respectively. In Figure 13 are plotted the is the essence of Kramers degeneracy. In general, the wave
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Figure 14. Plot of potential energy vs the magnetization direction for
a single molecule with & = 9, ground state. In zero applied field
(top of figure), axial zero-field splitting@S,?) splits theS = 9/, state
into energetically degenerate:®/,, 7/, +%,, +%,, and £, levels.
The potential-energy barrier height is|BQ for a thermally activated

process where the magnetization of the molecule converts from the

“spin up” Ms = —%; level to the “spin down"s = % level. In a
negative field (bottom of figure), the symmetry is broken and%he
level becomes the lowest energy state.

function for a molecule is given by eq 10,
Pulrt) = vi(r) exp(E,th) (10)

whereyn(r) is the time-independent part of the wave function
for a molecule in itsmth electronic state with an energy Bf.

In the absence of a magnetic field there is time reversal

symmetry. The energ, for a state is given in terms of the
spin S of the state. Since ex/&r) = exp(—iSt) whenSis a

J. Am. Chem. Soc., Vol. 120, No. 20, 199001

parallel relative to the axis (easy axis) of the molecule, then
the eigenvalues are given as:

E = gugH,M, + DM (11)
This results in a double-well potential energy diagram (Figure
14), where the positive and negati% quantum levels are
separated by an activation barrier. In zero field, the double well
is symmetric and so th®ls levels (spin “down”) in the left-
hand well are degenerate in energy with the correspondivig
levels (spin “up”) in the right-hand well. In the presence of a
field the symmetry is broken and one well becomes lower in
energy compared to the other. In a large positive field, the Mn
molecules populate only the-Ms levels. As the field is
decreased to zero the double well becomes symmetric and
molecules tunnel from the-Ms level to theMs level. When
the field is reversed and swept out to a large negative field
(lower part of Figure 14) sharp increases in the relaxation rate
are seen as a result Ms levels matching up in energy with
(=Ms + n) levels (wheren is an integer). At these fields
resonant magnetization tunneling occurs. The field at which
the energy of arMs level becomes degenerate with that of a
(=Ms + n) level can be obtained by setting the two energy
expressions given by eq 11 equal to one another and solving
for H:

MgugH + MZD = (=M, + n)gugH + (—M, + n)°D (12)

After gathering like terms, it is found that the field at which a
M;s level is degenerate in energy with-aNis + n) level is given
by eq 13:

_ —nD

H=
Qug

(13)

Level matching occurs at a constant interval of fieldH) as
in eq 14.

D

AH=—-
Qug

(14)

half-integer value, coherent tunneling is not possible. In zero Steps in the hysteresis loops are observed at a field interval of

field such aS = %, molecule cannot coherently tunnel from
the Ms = —9 level to theMs = 9, level.
However, when the single crystal of the Mecomplex6 is at

AH = 5.4 kOe, which corresponds B/g = 0.25 cnt. Similar
results are seen in the ac susceptibility measurements where
AH is 5.9 kOe and therefol®/g = 0.27 cntl. This is in very

low temperatures and the external field is decreased from 20good agreement with the values@f—0.53 cnT?) andg (1.99)
kOe to zero, a large step is seen in the hysteresis loop. Thereobtained from HFEPR measurements, wHefg= 0.26 cnt1,
clearly is magnetization tunneling in zero external magnetic These results confirm that magnetization tunneighgccurring

field. The origin of this tunneling is very likely the internal
magnetic field within the Mpcomplex due to the nuclear spins.
The manganesel (= %) and hydrogen (= 1/;) atoms in

at fields corresponding to level matchings.
In the top of Figure 15 the energies are plotted of the various
components of th& = 9/, state versus field which shows the

complex6 possess nuclear magnetic moments. Together theyfields at which thet-Ms levels become energetically degenerate

lead to an internal magnetic field 6/50—100 G. Even though

with the (—Ms + n) levels. The ground state is taken &s=

this is a relatively small field, a transverse component of this 9, with D = —0.53 cntl. At zero field, five Ms; —Ms + n)

internal field would be sufficient to lead to magnetization

level combinations are degenerate in energy, setting up multiple

tunneling. There already has been considerable discussion inresonances for quantum mechanical tunneling.nAgreases,

the literaturé® about the potential effects of an internal field a sequential reduction by 1 in the number of levels matched up
created by nuclear spins on magnetization tunneling in nano- at the field crossing occurs. Level matching is predicted at five
magnets. field values: 0,5.7,11.4,17.1, and 22.8 kOe for positive values
Origin of Field-Tuned Magnetization Tunneling. All of of field. However, only two steps in the hysteresis loops are
the data presented above can be explained in terms of field-seen. In a thermally activated process, the activation decreases
tuned resonant magnetization tunneling. The simplest spin with increasing field and therefore the relaxation rate increases.
Hamiltonian that models this system is given in eq 1. The first Observation of quantum tunneling at higher fields is being
term in the Hamiltonian is the Zeeman term and the second is obscured by the very fast relaxation rates of molecules thermally
the axial zero-field splitting term. When the field is applied activated over the barrier. Even at low temperatures (i.e- 0.4
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Figure 15. Plot of energy vs field depicting the field values at which
M;s levels become energetically degenerate witivig + n) levels for

a molecule with &= %, ground state split by axial zero-field splitting
with D = —0.53 cnt?, g = 1.998, and the higher order zero-field
splitting termB.°. In the upper part of the figure the higher order term
B, is zero, while in the lower part of the figuig? is —7.29 x 1075
cm L,

0.9 K), the relaxation times are on the order of minutes. Perhaps

more steps in field could be observed by using a faster technique
such as ac susceptibility measurements at lower temperatures.

Small deviations from the above model are expected since
the higher order ternB,° is present in this system. From high-
field HFEPR measurements, the quartic tégfwas found to
be —7.29 x 1075 cm™. Although small, theB,° term affects
the position at which steps occur in two ways. Firsl{ is no
longer a constant and steps aret expected to occur at a
constant interval of field. Second, at field crossing where
0, multiple level matching isiot observed. It can be shown
that the interval between two states characterizedvigyand
(—Ms+n) is

AH

[D — 717.5B° + 35B,°(2MZ — 4Mn — 2M,+ 3n° + 3n + 1)]
Qug

(15)

The impact of the quartic terB is evident in the bottom of
Figure 15, where the energy is plotted as a function of field
whereS = 9,, D = —0.53 cn1l, and B4 7.29 x 10°°
cmL. Itis observed that multiple levels are no longer matched
up at a constant field as in the case wiafh = 0 (upper part

of Figure 15). Rather, th®lgand (—Ms + n) levels match up
within a small field range spanning900 Oe. At a given value

of n, the Mg, (—Ms + n) level matching occurs at higher field
for larger values oMs. For example, ah = 1, the @/, —7/)
level crossing occurs at 6.03 kOe while thé,(—/,) level-
crossing occurs at a lower field of 5.21 T. Similar observations
are made for the highervalues where fon = 2 the field range

Aubin et al.

is 1099 Oe and fon = 3 the field range is 824 Oe. Therefore,

if quantum tunneling is occurring at multiple levels, the resulting
step in the hysteresis loops will be broadened and will be
temperature dependent. At lower temperatures the step will
become sharper and shift to slightly higher fields. A second
point is thatAHw,-mgn IS NO longer a constant as observed in
the case wherB4% = 0 (upper part of Figure 15). In contrast,

a difference imMAH values of 508-900 Oe fom = 0 is predicted.
Experimentally, since only two steps are seen in the hysteresis
loops and given the noise, these subtleties in field positions are
difficult to discern.

The mechanism by which resonant magnetization tunneling
occurs is still under study. Axial zero-field splittind$2) does
not lead to magnetization tunneling. For magnetization tun-
neling to occur anisotropy perpendicular (transverse) to the
z-axis is required. Some researcRérhave suggested that
tunneling in [Mn201(02CCHg)16(H20)4]-4H,0-2HO,CCHs (1)
may be due to a transverse component in the magnetocrystalline
anisotropy tensor. Because the {yc complex1 has$, site
symmetry in the crystal, the lowest order transverse zero-field
interaction term allowed is the quartic tefB*(S+* + S-9).
However, only transitions corresponding &dMs = +4 are
allowed. Therefore, only every other step in the hysteresis loop
would be observed corresponding to wheis an even number.
Friedmanet all®® have suggested that a small transverse
magnetic field may be the origin of the magnetization. No steps
are prohibited sincdAMs = +1 are allowed.

In zero applied field there is a 2-fold degeneracy for each
state: Mg = 10 and—10, Ms = 9 and—9, etc. A transverse
internal magnetic field breaks these 2-fold degeneracies. Ga-
ranin® has derived an expression for the tunneling splitting due
to a transverse field in zero applied field. The transverse field
provides a perturbatiortl’ = bS, = /,b(Sy + S-), whereb
equalsgusHurans The tunnel splittingAEy, of each level is
givert® by eq 16

_ 2D(S+MY)!
* @M~ DIAS— MY)!

M

(b

The rate of magnetization tunneling between two levidisand
—Ms, is equal toAEw/h, whereh is Planck’s constant, and the
tunnel splitting isAEw.. Friedman et at® have calculated the
magnetization tunneling rates expected for the o complex
1in zero external magnetic field in the presence of a small (100
G) transverse internal magnetic field. This small transverse
internal field could arise from the nonzero nuclear spins. They
calculated a magnetization tunneling rate of 2210745 s71
for the Mg = —10 to 10 tunneling. As can be seen in Table 4
the tunneling rate calculated for the MAc complexl increases
for higher-energyM;s levels. For example, for thiels = —3 to
3 magnetization tunneling the rate was calculated to be 3.5 s

The calculated tunneling rate for thds = —10 to 10
conversion of aS = 10 molecule due to a 100 G transverse
internal magnetic field is very small. The lifetime for this
tunneling is longer than the lifetime of the universe. This has
led Friedman et al° to suggest that in zero external field the
Mni,Ac complex1 exhibits resonant magnetization tunneling
via an Orbach process. In zero external field the Mnolecules
are excited to higheMs levels via a multiphonon Orbach
process. In other words, individual molecules interact with
phonons and are excited from thg = —10 level to theMs =
—3 level, for example, where the magnetization tunneling rate

(49) Garanin, D. AJ. Phys. A: Math. Genl991 24, L61.
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Table 4. Tunneling Rates Calculated Using Eq 16 for
[Mn1,0:(0>CCHs)16(H20)4] -4H,0-2HO,CCH; (1) and
[Mn403CI(OCCHg)3(dbm)] (6)
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tunneling. The 4.73% population of molecules in {hg| =
I, level at 2.0 K leads to the apparent Arrhenius-like increase
in rate of relaxation. The theoretical model used to calculate

tunneling tunneling  tunneling  tunneling the tunneling rates given in Table 4 is only approximate. The
rates [s]?, rates [S']°,  rates [s7]°,  rates [S']", internal field created by the nuclear spins could well not be
Ms complex] Ms complexé complex6é  complex6 homogeneous.
1 32x 108 05 14x10° 2.8x 100  1.9x 109
P10 18 650 52210 160 conudng Commens
g i;’;( igil ig’ %gi igiz igx 10 798 032 The nature of the single-molecule magnet J@sCI(O,-
6 37x10-17 ’ ' : : CCHg)3(dbm)] (6) was probed with several techniques. High-
7 1.2x% 1023 field EPR (218-437 GHz) data clearly show that compléx
8 1.8x 11073 has aS= 9, ground state experiencing axial zero-field splitting
9 11x10% (DSA whereD = —0.53 cn1! and a longitudinal quartic zero-
10 2.2x 107 field splitting with B2 = —7.4 x 105 cm L. Hysteresis is

2 Tunneling rates calculated for complé&assumingS = 10,9 =
1.91,|D| = 0.41 cnT?, Byans= 100 G.° Tunneling rates calculated for
complex6 assumingS= %,, g = 2, |D| = 0.53 cn7?, Byans= 100 G.
¢ Tunneling rates calculated for compléxassumingS = %, g = 2,
ID| = 0.53 cn1?, Byans = 2000 G.¢ Tunneling rates calculated for
complex6 assumingS= %,, g = 2, [D| = 0.53 cnT?, Byans= 1340 G.

seen in the plots of magnetization versus external magnetic field
obtained for a 63tg crystal in the 0.9060.426 K region. In

this low-temperature region each Wmolecule can be mag-
netized. It is known that this is a single-molecule response
because in a previous ac susceptibility stiddy was shown
that complex6 shows slow magnetization relaxation when the

is appreciable. Thus, through an Orbach process a singlecomplex is frozen in a dilute solution.

tunneling channel, such as tMg = —3 to 3 conversion, opens

Evidence for field-tuned resonant magnetization tunneling was

up and this gives the step at zero field in the hysteresis loop. If found in both the dc magnetization hysteresis loops and the ac

this is the mechanism for tunneling in tBe= 10 M, complex,

susceptibility data for comple& The possibility of magnetiza-

then the rate of magnetization tunneling would be expected to tion tunneling has been studied for many years as it may occur
follow an Arrhenius-like dependence on temperature. A tem- in domain wall movement in macroscopic magnets, magnetic
perature-independent rate of tunneling betweerMbe= —10 bubbles, and single-domain nanomagnets. Steps are seen in the

and Mg = 10 levels wouldnot be seen, for the rate of this

hysteresis loop for comple& When the energy levelds =

tunneling process is too low to be practically detected. The —%2, —/2, =2, —3/2, —/5) in one-half of the potential-energy

reported temperature-independent rate of tunneling fogoMn
Ac complex1 is controversial.

For the Mn, complex6 we have determined a temperature-
independent magnetization tunneling rate of 8.2072s1in

double well become equienergetic with levels(= %, />,

52, 35, Y5) in the other half of the double well, quantum
mechanical tunneling occurs in the direction of magnetization
for an individual molecule. This resonant effect is also seen in

the 0.394-0.700 K range. This must be due to ground-state the ac susceptibility data. The temperature at which the out-

tunneling between th®ls = —%, and®/, levels of thisS= %,
molecule. As can be seen in eq 16 the tunnel splittikg and

of-phase ac signaf’y is seen is influenced by an external dc
field. At the dc fields where resonant tunneling is expected,

therefore the rate of tunneling, due to a transverse field is quite the x"'m peak shifts to a lower temperature.

dependent on théVs values of the states involved in the
tunneling. We have employed eq 16 to calculateNie= —%,

to %, tunneling rate for &= °, molecule in zero external field
with a transverse internal field of 100 G (see Table 4). Whe
= —9/, to 9, tunneling rate is calculated to be 2310712571
for Hx =100 G. For an internal transverse fieldtdf = 2000
G we calculate aMs = —9; to 9, tunneling rate of 1.2 &

Interesting observations were made in the study of the
relaxation of the magnetization of compléxn zero field. An
oriented single crystal is first saturated in its magnetization in
a large field and then the field is decreased to zero and the time
decay of the magnetization was followed. First, it is interesting
to see that a molecule with a half-integer spin ground state (
= 9/,) can exhibit magnetization tunneling in zero external field.

(Table 4). The observed temperature-independent tunneling rateTunneling is in evidence in the temperature-independent mag-

for Mn, complex6 of 3.2 x 107251 corresponds to a transverse
internal field of 1340 G. Such an internal magnetic field could

netization relaxation rate below0.6 K. A Kramers degenerate
molecule such as compleékshould not be able to coherently

arise from the nonzero nuclear spins of the Mn and H atoms in tunnel from theMs = —9%; to theMs = % level. There must
complex6; however, 1340 G seems to be on the high side of be alarge enough transverse internal magnetic field to facilitate
what would be expected from the nuclear spins. Each Mn atom the tunneling. This internal field likely arises from the nuclear

has a nuclear spin df= %/, and each H atorh= 1/,. Dipolar
interactions due to the spins of neighbori@g= %, molecules

spins present in the molecule.
Single-molecule magnets now include the present; Mn

in the crystals could also add to the field created by the nuclear complex6, one Fg complex? and several Mg complexe$38

spins.

In the temperature range of 0-40.70 K there are less than
0.1% of the M molecules in theMs = +7/, levels in zero
external magnetic field. At 2.0 K some 4.7% of the Mn
molecules are in thds = +7/, levels with the remainder in
the Ms = £%; levels. It is expected that the rate of magnetiza-
tion tunneling for theMs = —7/, to 7/, conversion would be
several orders of magnitude greater than the rate oMhe

—9,1t0 %, tunneling. Thus, the overall temperature dependence defined size, not a distribution in sizes.

of rate of magnetization relaxation shown in Figure 13 for
complex6 in the 0.4-2.0 K range could be due to magnetization

These molecules range in size fropi0 to~20 A in diameter.

It will be instructive to identify larger molecules with ground
states with an even higher spin th&~= 10 and/or greater
magnetic anisotropies. The goal is to increase the blocking
temperature, below which an individual molecule can be
magnetized. These single-molecule magnets possess many
advantages over nanoscale magnets obtained by fragmenting
large magnetic particles. The single-molecule magnets have a
Single-molecule
magnets are in general soluble in common organic solvents.
Potentially, LangmuirBlodgett films could be fabricated from
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them. Also, by nature single-molecule magnets permit more Interface and Material Science, funded by the W. M. Keck
facile engineering of shape, size, spin, etc., than do fragmentedFoundation. The authors benefited from discussions with M.
nanomagnets. Sarachik and J. Friedman.

Acknowledgment. This work was supported by the National  Supporting Information Available: High-field EPR spec-
Science Foundation (G.C. and D.N.H.), the Department of trum for a powdered sample of compl6X1 page, print/PDF).
Energy under Grant No. DE-FG03-86ER-45230M.B.M., and See any current masthead page for ordering information and
the NHMFL Science Program and NHMFL User Program. The \Web access instructions.
ac magnetic susceptibility measurements were performed with
a MPMS2 SQUID magnetometer provided by the Center for JA974241R



