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Observation of Magnetic Level Repulsion in Fe6:Li Molecular Antiferromagnetic Rings
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Heat capacity (C), magnetic torque, and proton NMR relaxation rate (1/7)) measurements were
performed on Fe6:Li single crystals in order to study the crossings between S = 0 and S = 1 and be-
tween S = 1 and S = 2 magnetic states of the molecular rings, at magnetic fields B.; = 11.7 T and
B, = 22.4 T, respectively. C vs B data at 0.78 K show that the energy gap between two states remains
finite at B.’s (A;/kz = 0.86 K and A,/kz = 2.36 K) thus proving that levels repel each other. The
large A| value may also explain the anomalously large width of the peak in 1/T; vs B, around B,;. This
anticrossing, unexpected in a centrosymmetric system, requires a revision of the Hamiltonian.
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In multilevel magnetic systems, the application of an ex-
ternal magnetic field makes levels with different magnetic
features cross each other. The system becomes nearly de-
generate for certain values B.’s of the external magnetic
field and, close to the level crossing (LC) condition, the
structure of the magnetic energy levels can be affected by
even small perturbations and can display new and inter-
esting dynamical phenomena. A new class of iron-based
molecular clusters with a planar ring shape, the so-called
“ferric wheels” [1,2], presents a simple pattern of energy
levels (see Fig. 1) that can be derived from the spin Ham-
iltonian of one wheel:
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where N is the number of s; spins and S is the total
spin of the ring. The first and second terms in Eq. (1)
describe nearest-neighbor (NN) Heisenberg and Zeeman
interactions, respectively, while J{' may include single-
ion anisotropies, intramolecular dipolar contributions,
hyperfine couplings, as well as Dzyaloshinski-Moriya in-
teraction, or higher-order exchange and Zeeman terms.
Antiferromagnetic Heisenberg interaction between NN
Fe™3 (s; = 5/2) ions usually represents the dominant term
in Eq. (1) and, in zero magnetic field, the ground state is
nonmagnetic (S = 0). When a strong magnetic field B
is applied, Zeeman interaction leads to successive LC’s
involving the lowest-lying spin states, hereafter labeled
with the spin quantum numbers S and M, namely, |S, M)
(Fig. 1) [1]. Since the zero-field energies approximately
follow Landé’s interval rule Eg = 2JS(S + 1)/N [1], the
ground state changes from [0, 0) to |1, —1), from |1, —1) to
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|2, —2), etc., at equally spaced magnetic field values B,
B2, etc. In these systems, J/kp typically ranges from 10
to 30 K and the B.’s are consequently readily achievable
in the laboratory (typically 4 to 20 T). Additional interest
has been recently addressed to the ferric wheels by Loss
and co-workers [3] who proposed that quantum coherence
can be observed at macroscopic scale in this class of
antiferromagnetic molecular nanomagnets. In their model,
the energy separation between the lowest-lying levels can
be viewed as the tunnel splitting between two degenerate
states of the Néel vector [3]. It is thus crucial to follow
experimentally the evolution of energy levels as a function
of the magnetic field in ring-shaped molecular antifer-
romagnets. General symmetry arguments show that, in
a centrosymmetric cluster and for any perturbation F '/,
the energy separation A between the two lowest-lying
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FIG. 1. Lowest-lying energy levels of Fe6:Li as determined
from heat capacity data at 0.78 K (solid lines). The dotted lines
simulate the LC mechanism.
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states must vanish at B.;, B¢, etc., i.e., true LC must
be observed (Fig. 1) [4]. Several calculations of energy
levels in ferric wheels indeed found true level crossings
between |S, —S) and |(S + 1), —(S + 1)) levels [1,3,5].
However, in noncentrosymmetric rings, terms in J / (such
as Dzyaloshinski-Moriya interaction)— which have been
usually neglected so far—are able to mix these states,
thus leading to level anticrossings (LAC). The anomalous
width of magnetization or torque steps at low temperature
[6] can be considered as a possible hint for LAC in an
antiferromagnetic ring. We demonstrate in this Letter that
heat capacity measurements are a new, more powerful,
tool to establish the existence of LAC.

[L1F66(OCH3)12(dbm)6]B(C6H5)4 : 5CH2C12 (F66Ll
in short) single crystals were prepared and characterized
as described in Ref. [7]. In all the experiments, the a* axis
of the selected single crystal (typically 2.0 X 1.5 X
0.3 mm?) was aligned along the external magnetic field
B. In this way the angle between B and the normal to the
molecular plane is about 25°. Torque and heat capacity
measurements were performed by using a *He cryostat
in a 28 T magnet. Microcalorimeters were made of 4 X
4 mm? Si or sapphire substrates and a Lake Shore Cernox
1030 bare chip thermometer was directly glued to the bc
face of the single crystal. The calorimeters were mounted
on top of a CuBe cantilever [6] in order to perform heat
capacity and torque measurements simultaneously on the
same crystal. Since the quantity of interest was the relative
change of the heat capacity AC at fixed T and variable B
(for the absolute value of the heat capacity, see Ref. [8]),
the ac method was used at low frequency f (~1 Hz)
and AC was simply estimated from the expression AC ~
P/(fT,), where P is the power dissipated by the heater
and T, is the amplitude of the temperature ac response.
'"H NMR measurements were performed at 7 = 1.5 and
3.0 K as a function of magnetic field. The nuclear spin-
lattice relaxation rate (1/7) was measured by monitoring
the recovery of the nuclear magnetization with a sequence
of 90°-180° reading pulses after saturation with a comb
of four (90°) pulses. The recovery of the nuclear magne-
tization My was found to be nonexponential at all fields.
However, the exponential behavior was always verified for
values n(t) = 1 — My(t)/My(®) > k = 0.3 (far from
the crossing field k = 0.05 or lower). So, from the slope
of n(r) for t — 0 we were able to extract an average spin-
lattice relaxation rate which we called 1/T.

Figure 2 shows the torque signal (7) as a function of B
and its derivative (d7/dB) measured at 0.78 K. The step-
like 7 vs B curve as well as the peaks in d7/dB indicate
that levels cross each other at magnetic field values B, =
11.7 T and B, ~ 22.4 T [6,9]. No time-dependent phe-
nomena were observed for sweeping rates up to 0.06 T/s.
The two d7/dB peaks have quite different full width at
half maximum (FWHM), namely, 2.47 % 0.01 and 3.04 =
0.02 T at B.1 and B, respectively. Note that the measured
FWHM is larger than the expected thermal width (2.05 T)
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FIG. 2. Torque data 7 (open circles) and their derivative
(d7/dB) (solid circles) measured at 0.78 K on a Fe6:Li single
crystal. Calculated derivative d7/dB with (without) LAC is
shown as a solid (dotted) line.

at 0.78 K [6]. Since this discrepancy was systematically
found in other crystals of the same and similar molecular
clusters [6,10], nonthermal broadening is clearly present.

Heat capacity measurements are shown in Fig. 3. At
0.78 K, two pronounced peaks are observed at 10.4 and
13.0 T, with a relative minimum at B.; = 11.7 T while
a single broad peak is present at about B., = 22.4 T.
The observed behavior can be understood by recalling
that a two-level Schottky anomaly Cs = (A/kgT)* X
exp(A/kpT)[1 + exp(A/kpT)] 2 is expected to reach
a maximum when A = 2.5kgT. Near B, the energy
separation between the two lowest-lying states is ap-
proximately given by A(B) = gupl|B., — B| and two
peaks must arise at B = B, * 2.5kgT /g up, while, most
importantly, Cs must vanish at B, if the two levels are
degenerate (A = 0). The peak positions predicted by this
model agree with experimental data but the measured heat
capacity does not vanish at either B.; or B.,. We first
check whether this effect can be extrinsic, i.e., due to un-
avoidable sample inhomogeneity and/or crystal mosaicity
which lead to a possible distribution of B, values within
the specimen. We have simulated this effect by using a
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FIG. 3. Heat capacity of Fe6:Li measured at 0.78 K. Calcu-

lated AC vs B with LAC is shown as a solid line. The dotted
line provides the best fit to experimental data by assuming a
Gaussian distribution of B, (see text).
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simple four-state model with S up to 3 and by assuming
Gaussian distributions of B.; and B, around central
values B.1(0) and B.»(0) with standard deviations o and
o, respectively [11]. The AC vs B data were fitted by
treating B,(0) and o, as adjustable parameters, obtain-
ing B.1(0) = 11.72 = 0.02 T, B.,(0) = 22.46 * 0.04 T,
oy =062 =0.02T, and o, = 1.14 £ 0.05 T with an
overall scale factor (Fig. 3). This model actually predicts
nonzero heat capacity at B.,, but does not fit well the
high-field behavior (see Fig. 3). Moreover the o} and o,
values required to justify the finite AC value at B,
are larger than what we expect from torque data [6,10].
Thus, although extrinsic factors may have some effects at
B.,, we believe that the origin of such a large AC value
at B, must be substantially intrinsic and in the following
we discuss the effects of LAC to support this conjecture.
In the simplest case, the energy gap varies as A(B) =
{lgms(Ben — B + 4K2}'/2, where K,, is the matrix ele-
ment connecting the two states involved and the minimum
energy gap A, = 2K, is reached at B.,. This model is
able to reproduce the experimental behavior in the whole
field range (solid line in Fig. 3) with the following best-
fit parameters: B, = 11.81 £ 0.01 T, B, = 2243 =
001 T, K;={1,—-17{]0,0) =043 K (0.299 *
0.003cm™!), and K, =(2,-2|H'|1,—-1)=1.18 K
(0.820 = 0.005 cm™ ') at T = 0.78 K. The pattern of
spin levels resulting from these parameters is depicted in
Fig. 1 (solid lines). Note that the energy gap A, = 2K,
values are strikingly large, being 0.86 and 2.36 K at B,
and B,,, respectively. It is worthwhile to stress that with
the same set of parameters we can also reproduce the
experimental FWHM’s of d7/dB curves in Fig. 2, in
agreement with the LAC model. Because of the difficulty
of these experiments, it was not possible to carry out a sys-
tematic angular and temperature dependence of the energy
gap. We just mention that, with increasing temperature the
A, value changes very little (A;/kp = 0.94 K at 1.20 K),
while A, diminishes (A,/kg = 1.32 K at 1.20 K). The
variation of A, is not explained at this point.

The proton spin-lattice relaxation rate (1/74) as a func-
tion of the magnetic field at 1.5 and 3 K is shown in
Fig. 4. A pronounced maximum of 1/7; is observed at
about 11.7 T as the ground state changes from S = 0 to
S = 1. The FWHM of the bell-shaped curve is about
1.3 T at 1.5 K and is essentially the same at 3 K, while
1/T; increases by a factor of ~3.5 from 1.5 to 3 K. In the
presence of true LC (A; = 0), there are two magnetic field
values for which the tunnel splitting A = gug|(B.; — B)|
matches the 'H Zeeman energy hw;. At these two field
values, one expects a large enhancement of 1/7; due to
cross relaxation between the electronic and nuclear reser-
voirs [12]. Experimentally we observe only a single broad
maximum of 1/7 instead of the two sharp maxima (sepa-
rated by about 0.035 T) expected in the hypothesis of true
LC. One could argue that the two maxima are present but
not resolved because of the large width of the 1/7; peak.
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FIG. 4. Proton spin-lattice relaxation rate as a function of mag-
netic field at two temperatures. The curves are the results of fits
(circles, T = 3 K; squares, T = 1.5 K) with the phenomeno-
logical model described in the text.

Among possible origins of broadening are lifetime effects
due to spin-phonon coupling and intermolecular dipolar
and/or hyperfine interactions. The former can be ruled out
because the FWHM is T independent. The latter are esti-
mated to yield a broadening of about 0.2 T, which is much
less than the observed one of 1.3 T (Fig. 4). Moreover, in-
homogeneous broadening due to a distribution of LC fields
is strongly reduced in single crystals as compared with
powders [12] and cannot account for the observed width.
Clearly, the width and the T dependence of 1/T; vs B in a
Fe6:Li single crystal cannot be reconciled with the simple
picture of cross relaxation proposed for FelO [12].

On the other hand, a simple scenario based on LAC may
explain the data. In this case, we expect that the fluctua-
tions of the magnetization between the two adjacent mag-
netic states will drive the relaxation which can generally be
expressed as 1/T) = A%J(w;), where J(w;) is the spec-
tral density of the fluctuations at the nuclear Larmor fre-
quency and A is an average hyperfine coupling constant
[13]. In a phenomenological model, we assume J(wr) =
I'/[T? + (hwy — A)?], where T is a T-dependent damp-
ing factor associated with level broadening. We write A =
{lgws(Boy — B2 + AT}/2, where B.; = 11.81 T and
Ay /kg = 0.86 K from heat capacity data. In the absence
of detailed knowledge of the spin-lattice relaxation mecha-
nisms as a function of 7', it is difficult to predict the T range
in which the chosen J(w) may be correct. Its low w part
should, however, provide a reasonable parametrization of
the data close to B.; even for T somewhat above A, be-
cause the next excited state lies 10 K above the crossing
(see Fig. 1). This phenomenological model gives a rea-
sonable fit of 1/T data around the maximum (see Fig. 4)
by choosing A = 8.5 X 107 rads™! and a damping factor
varying quadratically with temperature I' o 72 [14]. It is
noted that the T-dependent broadening I' of the magnetic
levels is small (I' = 0.26 T at 3 K) and thus it affects only
the magnitude of 1/T;, while the width of the 1/7T; peak
is determined by the gap A;. The proton relaxation in the
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vicinity of B, can thus be explained with a phenomeno-
logical model based on a direct relaxation process whereby
the fluctuations of the local hyperfine field are dominated
by an effective frequency which is related to the splitting
of the magnetic levels at LAC plus a small damping factor
I'. According to Meier and Loss, A is the tunneling fre-
quency of the Néel vector. It would be interesting in the
future to investigate the possible relationship between the
decoherence factor and our I" [3].

In conclusion, specific heat measurements in Fe6:Li un-
der magnetic field show the presence of level anticross-
ings in the ground state. Torque and NMR measurements
can be explained using the minimum gap energy extracted
from specific heat data. The presence of LAC cannot be
reconciled with the centrosymmetric structure of the clus-
ter as determined from single-crystal x-ray diffraction at
193 K. So we need to assume a distorted molecule at
1 K. One may wonder, for instance, whether ring-shaped
clusters are thermodynamically unstable with respect to
spin-Peierls—like distortions which eventually lead, at low
temperature, to alternating coupling constants. For a dis-
torted molecule, terms in ' (such as Dzyaloshinski-
Moriya interaction) are able to mix spin states |S, —S) and
(S + 1),—(S + 1)).
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