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We present high-frequency high-field electron paramagnetic resonance(EPR) measurements on the
fMn12O12sO2CCH2Brd16sH2Od4·4CH2Cl2g dodecanuclear manganese complexsMn12-BrAcd. The crystal-field
parameters are found to be very similar to those of the original compound Mn12-acetate
sfMn12O12sO2CCH3d16sH2Od4gd. A detailed analysis of the frequency and temperature dependence of anoma-
lous peaks observed in the EPR spectra of Mn12-BrAc enables us to locate theS=9 manifold at about 40 K
above theMS= ±10 ground state of this nominallyS=10 system. This is very close to theMS= ±6 state of the
S=10 manifold, thus suggesting pathways for the thermally assisted magnetization dynamics and related
properties. Finally, the EPR fine structures recently attributed to disorder associated with the acetic acid of
crystallization in Mn12-Ac are absent in the present measurements, thus suggesting that the Mn12-BrAc com-
plex represents a more suitable candidate for measurements of quantum effects in high symmetryS=10 SMMs.
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In 1996, it was reported that Mn12-Ac exhibits resonant
magnetic quantum tunneling(MQT), as evidenced by
steps that occur at regular intervals in the low-temperature
hysteresis loops of the complex.1,2 Since then, considerable
interest has been devoted towards the understanding of the
quantum behavior of single molecule magnets(SMMs), in
particular Mn12-Ac (shorthand for Mn12-acetate
fMn12O12sO2CCH3d16sH2Od4g ·2CH3CO2H·4H2Od. One of
the most intriguing open questions concerns whether or not
one can ignore couplings toSÞ10 states in any theoretical
treatment of the low-temperature quantum properties of
Mn12-Ac (including MQT). For example, recently a low ly-
ingS=9 excited state was found in Fe8Br8, another SMM
with a S=10 ground state.3 In this paper we
provide clear experimental evidence for aS=9 excited
state of the nominally S=10 single-molecule magnet
Mn12-BrAc (shorthand for Mn12-bromoacetate
fMn12O12sO2CCH2Brd16sH2Od4g ·4CH2Cl2d, a closely related
complex to Mn12-Ac.

Like Mn12-Ac, which remains the most widely studied
SMM,4,5 Mn12-BrAc crystallizes in a tetragonal space group
with individual molecules possessingS4 site symmetry. Se-
lection rules for quantum tunneling of the magnetization im-
posed by theS4 crystallographic symmetry are not strictly
obeyed by Mn12-BrAc or Mn12-Ac, however.6 A number of
explanations have been proposed to account for this anoma-
lous behavior, including crystal dislocations7 and, more re-
cently, disordered solvent molecules of crystallization that
give rise to symmetry breaking effects.6,8–10 Cornia et al.
have proposed that the fourfoldsS4d molecular symmetry is
disrupted by a strong hydrogen-bonding interaction between
an acetate ligand of the Mn12 cluster and a disordered acetic
acid molecule of crystallization.10 Using their model, up to
six isomers can exist in the lattice, each of which differs in
the number and arrangement of hydrogen-bonding interac-

tions. Of the six isomers, only two have crystallographic
fourfold sS4d symmetry. The remaining four isomers have
lower symmetry and can explain many experimental factors
associated with the low temperature hysteresis loops of the
complex, including odd-to-even MS MQT steps. It is there-
fore of importance to study the magnetic behavior of a high
symmetry Mn12 cluster that consist of only one species with
strict axial symmetry. The only other known complex to date
that meets these specifications is Mn12-BrAc. The core of the
molecule is the same as that of Mn12-Ac and the molecule
also possesses a spinS=10 ground state. The complex is
therefore an ideal candidate for study, as there are four rela-
tively inert CH2Cl2 (dichloromethane) solvent molecules per
Mn12-BrAc molecule. This is in contrast to the strongly
hydrogen-bonding nature of the water and acetic acid mol-
ecules of crystallization in the case of Mn12-Ac. However,
like all other known Mn12-based SMMs, all tunneling reso-
nances are observed, including odd-to-even MS MQT steps.11

Recently, del Barcoet al. proposed that a distribution of
internal transverse magnetic fields in Mn12-BrAc is respon-
sible for a lack of any selection rules in the MQT
phenomena.11

The Mn12-BrAc molecule consists of four Mn4+ ions, each
with spin S= 3

2, surrounded by eight Mn3+ ions with spinS
=2.4,5 The orbital moment is quenched, and a Jahn-Teller
distortion associated with the Mn3+ ions is largely respon-
sible for the magnetic anisotropy. A simplified treatment of
the magnetic interactions within the molecule has been
developed12–16 wherein four strongly antiferromagnetically
coupled Mn3+-Mn4+ dimers, each with spinS=2−3

2 = 1
2,

couple via an effective ferromagnetic interaction to the four
remainingS=2 Mn3+ ions, giving a total spinS=10. The
magnetic energy levels of the rigidS=10 spin system are
then usually described by the effective single-spin
Hamiltonian,17,18
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Ĥ = DŜz
2 + mBBW ·gJ · Ŝ+ Ĥ8, s1d

whereDs,0d is the uniaxial anisotropy constant, the second
term represents the Zeeman interaction with an applied field

BW (gJ is the Landé g tensor), and Ĥ8 includes higher order

terms in the crystal field(Ô4
0, Ô2

2, Ô4
2, Ô4

4, etc.), as well as
environmental couplings such as intermolecular dipolar and
exchange interactions.19,20 The leading term in Eq.(1) is re-
sponsible for the energy barrier to magnetization reversal and
the resulting magnetic bistability.4,5 The weaker couplings
between the four spin-1

2 dimers and the four spin-2 Mn3+

ions largely determine the low energy excitations within the
molecule(to SÞ10 states).12,14 However, the nature of these
couplings is not well known.

The inadequacy of theS=10 model was perhaps first
raised by Caneschiet al. in order to interpret the temperature
dependent susceptibility of Mn12-Ac.21 Their calculation pro-
posed the existence of two degenerateS=9 states at
0.725 THzs,35 Kd, oneS=8 state at 1.195 THzs,57 Kd,
and otherSø8 andS.10 states at higher energies. Not all
of these states, however, were clearly observed in the inelas-
tic neutron scattering study of Mn12-Ac, where a well-
pronounced mode was found at around 1.2 THz, while the
mode at 0.725 THz was hardly visible and the authors attrib-
uted this fact to a very small intensity at the corresponding
scattering vector.22 Magnetization measurements have shown
the existence ofSø9 excited levels at energies between 30
and 90 K.23 Furthermore, measurements of the Mn12-Ac
transmission spectra in the submillimeter range indicate the
existence of some weak band around 30–35 cm−1

s,43–50 Kd at high temperatures, whose frequencies do not
match the transitions within the groundS=10 multiplet.24

Finally, by means of2D and13C NMR investigations25,26and
55Mn spin-lattice relaxation measurements12 it has also been
clearly established that the unpaired electron density is dis-
tributed over the entire Mn12-Ac framework. These challeng-
ing experimental findings stimulated subsequent calcula-
tions, which placed theS=9 manifold at 35 K or
higher.14,16,27All of these observations provided the impetus
for the present undertaking—a detailed investigation of the
spin-energy levels of a Mn12 cluster by variable frequency,
variable temperature EPR spectroscopy. We provide defini-
tive evidence for the existence of a state at 40±2 K with all
of the properties of anS=9 manifold. The results help the
understanding of many of the above-mentioned features and
are in good agreement with more recent high precision elec-
tronic structure calculations.27

Multi-high-frequency(51.5, 65.4, and 76.9 GHz) single
crystal EPR measurements were carried out using a
millimeter-wave vector network analyzer(MVNA ) and a
high sensitivity cavity perturbation technique; this instru-
mentation is described in detail elsewhere.28 The measure-
ments were performed using a commercial superconducting
solenoid capable of producing fields of up to 9 T. In all
cases, the temperature was stabilizeds±0.01 Kd relative to a
calibrated Cernox™ resistance sensor. We have outfitted our
cavities with rotatable endplates for sample orientation with
0.18° resolution.29 The single-crystal sample was optimally

positioned and oriented for high-field EPR measurements on
the fundamental TE01n modessn=integerd of the cavity, and
for DC field sBd alignment close to the hard plane of the
sample, i.e., with the AC excitation fieldsH1d along thez
axis of the crystals' to Bd. Submillimeter-sized single
Mn12-BrAc crystals were prepared from
Mn12O12sO2CMed16sH2Od4 (Mn12-acetate) by a ligand sub-
stitution procedure involving the treatment of Mn12-Ac with
an excess of BrCH2CO2H in two cycles. Repeated treatment
is necessary as the ligand substitution reaction is an equilib-
rium process that must be driven to completion if the pure
product is to be obtained.30–32 The initial complex Mn12-Ac
was synthesized using standard methods.33 In order to con-
firm the solvent content of 4CH2Cl2 per formula unit, an
x-ray structural refinement analysis was carried out on a wet
single-crystal removed directly from the mother liquor. In
order to avoid solvent loss in the EPR measurements, the
sample was removed from the mother liquor, immediately
sealed in silicone grease, and quickly transferred to the cry-
ostat(ca. 5 minutes) where it was cooled under atmospheric
pressure helium gas. Similar sample handling procedures
have been carried out for Mn12 samples containing consider-
ably more volatile solvent molecules, and these have shown
minimal solvent loss, as verified by before and after AC
SQUID measurements.34

In order to align the sample’s hard planesx,yd with re-
spect the applied DC magnetic field, angle dependent mea-
surements of the EPR spectra were performed, as shown in
Fig. 1(a). In general, the hard-plane spectra of Mn12-BrAc
look very similar to those of Mn12-Ac.35,36 In the high-field
limit sgmBB. uDuSd, one expects a total of 20 EPR transi-
tions within the 2S+1sS=10d multiplet, as shown in Fig.
1(b) by solid curves. Thea resonances, which correspond to
transitions within the Zeeman-split MS=±m (m=integer, and
0ømøS) zero-field levels, comprise half of this total; in the
zero-field limit, the quantization axis is defined by the
uniaxial crystal field tensor, and is alongz. In the high-field
limit, the quantization axis points along the applied field vec-
tor; the 10a resonances then correspond to transitions from
MS=even-to-oddm, e.g., MS=−10 to −9. Because thea
resonances originate from pairs of levelss±md which are
(approximately) degenerate in zero field, one expects the
resonance frequencies, when plotted against field, to tend to
zero as the field tends to zero, as can be seen in Fig. 1(c).
The simulation depicted in Fig. 1(c) has been performed by
exact diagonalization of Eq.(1), and this procedure is de-
scribed in detail elsewhere.35,36In order to fit our experimen-
tal data(open circles), we have used crystal field(CF) pa-
rameters obtained from our earlier studies of Mn12-BrAc
with the field along the easy axis:37 D=−0.456 cm−1, B4

0

=−2.0310−5 cm−1. These Hamiltonian parameters are very
close to the accepted CF parameters for Mn12-Ac (D
=−0.454 cm−1, B4

0=−2.0310−5 cm−1),8,18,36 thus emphasiz-
ing the close similarity of physical properties of these two
derivatives of the Mn12O12 molecule.

In earlier investigations of Mn12-Ac it was pointed out
that EPR spectra obtained for a field applied perpendicular to
the easy axis of the molecule revealed a number of anoma-
lous transitions which were labeledb,35,36 as opposed to the
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a resonances which nicely fit the acceptedS=10 Hamil-
tonian [Eq. (1)].38 Initially, these b transitions were tenta-
tively ascribed to theMS=odd-to-even transitions(e.g.,MS
=−9 to −8);35 however we note here that they should not be
observable below a cutoff frequency, which is about 95 GHz
at high fields for the given CF parameters, as depicted in Fig.
1(c). In full agreement with these calculations we do not
observe theseb resonances until we slightly misalign the
sample’s hard plane with respect to the applied magnetic
field [Fig. 1(a)]. Indeed, at ±3.6° away from the hard plane,
theb resonances become highly pronounced. Meanwhile, the
a10, a8, anda6 resonances disappear over this same angle
range, as shown in Fig. 1(a). In fact, there is an approxi-
mately 0.75° range over which neithera10 or b9 are ob-
served and, althougha4 anda2 peaks remain visible atu
=±3.6°, it is clear that their intensities diminish substantially.
This symmetry effect between the out-of-plane angle depen-
dence of theb and a resonances was recently reported for
Mn12-Ac, and is discussed in more detail in Ref. 9. For com-

parison, Fig. 1(b) shows simulations of the EPR spectra for
the same angle range, generated using the program SIM.39

These simulations agree well with our observations, i.e., the
a peaks disappear, andb9 appears, as the field is tilted away
from the hard plane. Indeed, the simulations predict quite
accurately the angles at which thea peaks switch off, andb9
switches on. This contrasts the behavior seen in Mn12-Ac,
where a significant overlap of thea and b peaks has been
attributed to a distribution of tilts of the easy axes of the
molecules(up to ±1.7°), induced by a discrete disorder as-
sociated with the two acetic acids of crystallization.9 A small
distribution of tilts can be inferred from the present data, as
seen from the overlap of thea10 andb9 resonances(inset
Fig. 2), and from the absence of some of the features in the
simulations which disperse strongly with angle. However,
the width of the distribution must be on the order of, or less
than, the angle resolution employed in these measurements,
i.e., ,±0.2°. This suggests that the distributions of trans-
verse fields recently reported by del Barcoet al. must have
an explanation unrelated to easy axis tilting. It is also appar-
ent from the data in Fig. 1(a) that, for the most part, the
resonances are extremely symmetric and much sharper than
those observed for Mn12-Ac (see Ref. 9). In particular, none
of the fine structures seen in the hard axis spectra of
Mn12-Ac are seen for the present complex; e.g., the pro-
nounced high-field shoulders on thea resonances. Conse-
quently, we can conclude that the discrete solvent
disorder6,8–10 that is now well established in Mn12-Ac is ab-
sent in Mn12-BrAc. This observation is consistent with the
full compliment of four solvent molecules per formula unit,
and suggests that the BrAc complex probably represents a
more suitable candidate for measurements of quantum ef-
fects in high symmetryS=10 SMMs.

FIG. 1. (a) Angle dependence of the EPR spectra of Mn12-
BrAc in the range of ±3.6° either side of the hard plane, with an
angular step of 0.36°.(b) The SIM(Ref. 39) simulations of the EPR
spectra for the field tilted up to ±3.6° away from the hard plane.(c)
Fits to Eq. (1) for the frequency dependence of the hard plane
spectra for theS=10 state(solid curves, open circles) and for the
S=9 state(dotted curves, solid circles); the CF parameters for this
simulation are given in the text. Open and closed circles are experi-
mental data at frequencies of 51.5, 65.4, and 76.9 GHz.

FIG. 2. (Top panel) Typical single-crystal EPR spectra for
Mn12-BrAc at 65.4 and 76.9 GHzsB'zd, thea9 resonance is evi-
denced at high fields for both frequencies.(Bottom panel) Tempera-
ture dependence of the EPR spectra of Mn12-BrAc at 51.5 GHz
sB'zd. Inset, angle dependence of several of the most important
resonances.
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In Fig. 2 (bottom panel) we present the temperature de-
pendence of the EPR spectra of Mn12-BrAc at 51.5 GHz for
a field applied perpendicular to the easy axis of the crystal
sB'zd to within an accuracy of ±0.1°, as inferred from the
angle dependent data in Fig. 1. As the temperature is in-
creased from 10 K up to 40 K, an extra resonance is found at
7.42 T. Since this peak is located between thea10 anda8
resonances, we have labeled this resonancea9. We have also
observed similar peaks at 65.4 and 76.9 GHz, which are lo-
cated, respectively, at 7.77 and 8.22 T, i.e., between thea8
and a10 peaks. We have plotted the positions ofa9 versus
frequency in Fig. 1(c) (solid circles). It is tempting to at-
tribute thesea resonances to the onset of theb9 transitions,
which could occur if a small minority of molecules have
their easy axes tilted with respect to the majority of mol-
ecules, whose easy axes are exactly perpendicular to applied
magnetic field, as has recently been found for Mn12-Ac.9

However, a careful angle-dependent study of the EPR spectra
shows that the positions ofa9 and b9 exhibit completely
different angle dependencies, as shown in the inset of Fig. 2.
The temperature dependencies of the intensities of thea9
andb9 peaks reveal even more discrepancies. We have cal-
culated the areas under thea9 and b9 peaks and plotted
them as a function of temperature, as represented in Fig. 3 by
solid and open circles, respectively. The area under the peaks
was calculated by integration using the trapezoidal rule. This
procedure does not employ any fitting functions and is sen-
sitive only to the noise background of the data, the corre-
sponding uncertainty is depicted by error bars in Fig. 3.
Again, the nature of thea9 resonance is different from the
b9 resonance and, thus, thea9 resonance cannot be ex-
plained within the framework of theS=10 picture.

Further examination of Figs. 2 and 3 reveals that thea9
resonance diminishes in intensity as the temperature de-
creases to 15 K, becoming invisible at 10 K. This fact proves
beyond any doubt that thea9 resonance originates from an
excited state of the Mn12-BrAc molecule. We therefore con-
clude that, at low frequencies, thea9 resonance corresponds
to a transition within an excited state of Mn12-BrAc. For
comparison, Fig. 1(c) includes dashed curves corresponding
to fits to thea9 data; this fit assumesS=9 and, due to the
limited number of data points, allows only for the variation
of D. For an odd total spin state, the low field limiting be-
havior of odd-to-evenm and even-to-oddm transitions is the
reverse of that for an even total spin state. Consequently, one
does expect the frequency of theMS=−9 to −8 transition to
go to zero in the low field limit within theS=9 manifold.
The fit to the data forS=9 yields the Hamiltonian parameter
D=−0.430 cm−1s−0.62 Kd, which is thus 5% smaller than
for S=10. The low frequencya9-resonance data lie perfectly
on theS=9 curves. Therefore, the anisotropy barrier for the
S=9 state isuDuS2<50 K, which is 23% smaller than that for
S=10s65 Kd. Having established that the low-frequencya9
transition corresponds to anS=9 state, we can estimate its
approximate location relative toS=10. Using the CF param-
eters for bothS=10 andS=9 states we were able to calculate
the energy levelsE10smSd andE9smSd for the two states, and
both partition functions Z10smsd=omS=−10

10 e−E10smSd/T and
Z9smsd=omS=−9

9 es−E9smSd+Dd/T, for a given temperatureT,
where D is the energy difference
between the bottoms of theS=10 andS=9 manifolds. The
area under thea9 peak, at a given temperature, is propor-
tional to the difference of populations of the corresponding
levels:

Aa9sD,Td ~
N−9 − N−8

Z
=

ehE9s−8d−E9s−9dj/T

Z10sTd + Z9sD,Td
.

Thus, by varying the only parameterD, we have found that
theS=9 manifold is located atD=40±2 K above the bottom
of the S=10 state(see inset of Fig. 3). This implies that the
S=9 state lies very close to theMS=±6 excited state within
theS=10 multiplet. We have also performed similar calcula-
tions of the temperature dependence of thea9-peak area for
the values ofD=36 K andD=44 K, and both dependencies
were inconsistent with our experimental data, as depicted
in Fig. 3. The obtained location of theS=9 excited state
at D=40±2 K is in perfect agreement with recent
calculations.27

In summary, detailed frequency and temperature depen-
dent EPR studies of Mn12-BrAc reveal the existence of an
S=9 state located only 40±2 K above theS=10, MS=±10
ground state. This result is in perfect agreement with theo-
retical predictions.14,27 The effects of the coexistence of an
excited S=9 state and the groundS=10 state in the Mn12
molecule are not known, and we hope these investigations
will stimulate further theoretical studies. Our experiments
also indicate that Mn12-BrAc is an intrinsically cleaner sys-
tem than Mn12-Ac, which we believe to be connected with
the fact that the former possesses a full compliment of four
solvent molecules per formula unit. Thus, future investiga-

FIG. 3. Temperature dependence of the area of thea9 (solid
circles) andb9 (open circles) resonances. The solid line through the
open circles is a guide to the eye. The curves through the solid
circles represent the calculateda9-resonance areas assumingD
=36 K (dashed), D=40 K (solid), and D=44 K (dotted). Inset,
schematic for the energy levels of both theS=10 andS=9 states in
zero magnetic field.S=9 is located at an energyD=40±2 K above
the bottom of theS=10 state.
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tions of the title compound may provide further insights into
the quantum magnetization dynamics of giant spinsS=10d
SMMs.
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