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Quantum interference oscillations of the superparamagnetic blocking in an Feg
molecular nanomagnet.
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We show that the dynamic magnetic susceptibility and the superparamagnetic blocking tempera-
ture of an Feg single molecule magnet oscillate as a function of the magnetic field H, applied along
its hard magnetic axis. These oscillations are associated with quantum interferences, tuned by H,,
between different spin tunneling paths linking two excited magnetic states. The oscillation period
is determined by the quantum mixing between the ground S = 10 and excited multiplets. These
experiments enable us to quantify such mixing. We find that the weight of excited multiplets in the
magnetic ground state of Feg amounts to approximately 11.6 %.

PACS numbers:

High-spin molecular clusters [1, 2] display superpara-
magnetic behavior, very much as magnetic nanopar-
ticles typically do.  Below a time- (or frequency-
)dependent blocking temperature Tt,, the linear magnetic
response "freezes” [3, 4] and magnetization shows hys-
teresis [5]. The slow magnetic relaxation of these single-
molecule magnets (SMMs) arises from the presence of
high anisotropy energy barriers separating spin-up and
spin-down states. Because of their small size, the mag-
netic response shows also evidences for quantum phenom-
ena, such as resonant spin tunneling [3, 6-8]. In the
case of molecules that, like Feg (cf Fig. 1A and [4]),
have a biaxial magnetic anisotropy, tunneling between
any pair of quasi-degenerate spin states +m can proceed
via two equivalent trajectories, which, as illustrated in
Fig. 1B, cross the hard anisotropy plane close to the
medium anisotropy axis. A magnetic field along the hard
axis changes the phases of these tunneling paths, leading
to either constructive or destructive interferences. This
phenomenon is known as Berry phase interference [9, 10].

Experimental evidences for the ensuing oscillation of
the quantum tunnel splitting A,,, shown in Fig. 1C,
were first observed in Feg [11, 12] and then in some
other SMMs [13-19] by means of Landau-Zener mag-
netization relaxation experiments. Quantum interfer-
ence patterns measured on Feg at very low temperatures,
which correspond to tunneling via the ground state dou-
blet m = £10, are well reproduced by the following spin
Hamiltonian

H = —DS2+E(S2—S2)+C ($4 + %) —gus S - H (1)

that applies to the lowest lying spin multiplet, with
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FIG. 1: A: Molecular structure of  the
[(CeH15N3)6FesO2(OH)12] molecular magnet, briefly re-
ferred to as Feg. B: Two equivalent tunneling paths linking
states with m = +S and m = —S. A magnetic field along
the hard axis (denoted by z) shifts the relative phases of
these trajectories, thus leading to constructive and destruc-
tive interferences. C: Dependence of the quantum tunnel
splittings A,, on H, calculated with Eq. (1) for states £m,
with m = 10 (bottom curve) to m =1 top curve).

S = 10, and where D/kp = 0.294 K, E/kg = 0.046 K,
C/kg = —2.9 x 107° K are magnetic anisotropy param-
eters, and g = 2. The sizeable fourth-order parameter C'
reflects not only the intrinsic anisotropy but, mainly, it
parameterizes quantum mixing of the S = 10 with ex-
cited multiplets (S-mixing) and how it influences quan-
tum tunneling via the ground state [20].

In the present paper, we study the influence of Berry
phase interference on the ac magnetic susceptibility x
and T}, of Feg, that is, on those quantities that character-
ize the standard SMM (or superparamagnetic) behavior.
Close to T}, magnetic relaxation is dominated by tunnel-
ing near the top of the anisotropy energy barrier, thus



also near excited multiplets with S # 10. In this way, we
aim also to use the interference pattern to gain quanti-
tative information on the degree of S-mixing in Feg.

The sample employed in these experiments was a
3 x 2 x 1 mm?® single crystal of Feg. Each molecule
has a net spin S = 10 and a strong uniaxial magnetic
anisotropy. Equation (1) defines z, y and z as the
hard, medium and easy magnetization axes. In the tri-
clinic structure of Feg, x, y, and 2z axes are common to
all molecules [21]. The complex magnetic susceptibility
x = X' (T,w) —ix"(T,w) was measured between 90 mK
and 7 K, and in the frequency range 3 Hz < w/27 < 20
kHz, using a purpose built ac susceptometer thermally
anchored to the mixing chamber of a 3He-*He dilution
refrigerator. A dc magnetic field ﬁ was applied with
a9 Tx1 Tx1 T superconducting vector magnet, which
enables rotating H with an accuracy better than 0.001°.
The magnetic easy axis z was parallel to the ac excitation
magnetic field of amplitude h,. = 0.01 Oe. The sample
was completely covered by a non-magnetic epoxy to pre-
vent it from moving under the action of the applied mag-
netic field. The alignment of H perpendicular (+0.05°)
to z and close (£5°) to the hard z axis was done at low
temperatures (T' = 2 K), using the strong dependence
of x/(T,w) on the magnetic field orientation (see [22] for
further details). These data were scaled with measure-
ments performed, for T > 1.8 K, using a commercial
SQUID magnetometer and a physical measurement plat-
form equipped with ac susceptibility options.

The zero field (H = 0) ac susceptibility x" and x” com-
ponents of Feg show the typical SMM behavior (Fig. 2).
Maxima of x” measured at different frequencies define
Ty, and occur when 7 ~ 1/w, where 7 is the magnetic
relaxation time. As Fig. 2 shows, 7 approximately fol-
lows Arrhenius’ law 7 ~ 19 exp (U/kpT), where U is the
activation energy and 7y is an attempt time. However, a
closer inspection reveals that the slope of the Arrhenius
plot increases gradually with temperature, from a low-T'
value U/kp ~ 22 K to more than 32 K. While the former
U value agrees with tunneling taking place via m = +5
states, the latter is close to the maximum energy (~ 32.5
K) of the S = 10 multiplet.

Figure 3 shows x/(T) and x”(T) data measured at
w/2m = 333 Hz and under three different transverse mag-
netic fields. By increasing poH, from 0 to 0.19 T, the
superparamagnetic blocking shifts towards higher tem-
peratures. Thereafter, T}, decreases again with further
increasing poH, to 0.27 T. The right-hand panel of Fig.
3 shows that T3, oscillates as a function of H,. This be-
havior contrasts sharply with the rapid and monotonic
decrease of T}, that is observed when H is parallel to the
medium axis y (see the inset of Fig. 3 and [22, 23]).

Oscillations of T3, originate from oscillations of the re-
laxation time 7, which also lead to oscillations of the
dynamical susceptibility. Figure 4A shows Y’ vs H,
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FIG. 2: Ac susceptibility of an Feg single crystal measured
at several frequencies. A: temperature dependence of the
real (solid symbols) and imaginary (open symbols) compo-
nents. B: frequency dependence of the imaginary component.
Lines are least-square fits with Cole-Cole function x" (w,T) =
Ax(wr)?sin(Br/2)/[1 + (wr)** + 2(wr)? cos(Br/2)], where
Ax ~ xr, the equilibrium susceptibility, and 8 ~ 0.92. C:
Arrhenius plot of the relaxation time 7 extracted from these
fits. The solid line is a least-squares linear fit of data mea-
sured below 2.6 K. D: Effective activation energy U for the
magnetic relaxation process, obtained from the slope of the
Arrhenius plot. The horizontal lines show magnetic energy
levels derived from the giant spin Hamiltonian (1).

data measured at w/2mr = 333 Hz and T = 2.6 ~
Ty, (H, = 0) K. Under such conditions, small shifts of
Ty, result in large changes of x’, thus allowing us to
monitor these changes very precisely. X’ shows three
minima, at poH, ~ 0.20(1) T, poHp, =~ 0.56(1) T,
and poH. ~ 0.90(1) T, with an approximate periodicity
woAH, = po[2H, + (Hy, — H,) + (H. — Hyp)] /3 ~ 0.37
T. Again, this behavior contrasts with the abrupt in-
crease towards equilibrium that is observed when H is
applied along y [22]. From the susceptibility we esti-
mate also 7 ~ [r/(sin 7/2 — r cos f7/2)]*/P) Jw, where
r=x"/x"and 8 ~ 0.92 was determined from Cole-Cole
fits performed at H, = 0 (see Fig. 2B). Figure 4B shows
that, as one could anticipate, 7 also oscillates with H,..
Data of Figs. 3 and 4 strongly suggest that the oscilla-
tion period §H, remains approximately constant in the
temperature range between 2 and 3 K covered by present
experiments.

The oscillations can be qualitatively accounted for by
recalling the dependence of the quantum tunnel splittings
A,, on H, (Fig. 1). At zero field and close to T' = 2.6
K, magnetic relaxation takes place mainly via thermally
activated m = +4 states. By increasing H,, Ay gets pe-
riodically quenched and therefore tunneling is inhibited.
This leads to an increase of 7 and thus also of T}, as it
is observed experimentally.

However, the giant spin model Eq. (1) is unable to
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FIG. 3: Left: x' and x” susceptibility components of Feg
measured at w/27 = 333 Hz and for three different H, val-
ues. Right: blocking temperature Ty, as a function of H,
(hard axis) and H, (medium axis) for the same frequency.
Dotted and solid lines are theoretical predictions following
from, respectively, the giant spin model [Eq. (1)] and the
two-spin model [Eq. (2)], which includes S-mixing effects,
for = 4 deg. The inset compares blocking temperatures
measured with H along the hard () and medium (y) axes.

provide a quantitative description of the interference pat-
tern. The magnetic relaxation time and the frequency
dependent-susceptibility have been calculated by solving
a Pauli master equation for the populations of all energy
levels of (1), following the model described in [24]. For
simplicity, we have simulated the effect that dipolar in-
teractions between different Feg clusters have on the spin
tunneling probabilities [24, 25] by introducing an effec-
tive bias field pgHg, = 31 mT. This value is the width
of the distribution of dipolar fields in a magnetically un-
polarized Feg crystal [26, 27]. The results are compared
to experimental data in Figs. 3 and 4. Although they
show oscillations, the theoretical period pugAH, = 0.28
T is about 20 % smaller than the experimental one. It is
important to emphasize that the discrepancy cannot be
ascribed to a small uncertainty in angle ¢. All theoretical
curves with distinct oscillations (for ¢ < 10 deg.) show
AH, smaller than observed.

The discrepancy originates instead from the fact that
oA H, obtained from Eq. (1) strongly decreases with
m, from 0.4 T for m = +£10 to 0.25 T for m = =£2.
This dependence arises from the presence of a strong
fourth-order anisotropy term. The same effect occurs
for higher-order terms. The giant spin approximation,
which neglects all excited multiplets, is therefore unable
to simultaneously account for the quantum interference
patterns observed at low and high-T'.

These results call for a more complete description,
able to explicitly incorporate the effects of S-mixing. A
schematic diagram of the magnetic structure of the Feg
molecular core [28, 29] is shown in Fig. 5. The central di-
amond (or "butterfly”) of spins 1—4 strongly couple anti-
ferromagnetically to give a net spin S7_4 ~ 0. Couplings
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FIG. 4: A: x' of Fes vs H, measured at T' = 2.6 K and w/27
= 333 Hz. B: transverse field dependence of the magnetic
relaxation time 7 determined at different temperatures. C:
temperature dependence of the quantum oscillation periods
estimated from Landau-Zener relaxation measurements (%)
[11], X' vs Hy at T = 2.6 K (o), and X’ vs T at different
H, (). Dotted and solid lines are theoretical predictions, for
¢ = 4 deg., that follow from the giant spin model [Eq. (1)]
and the two-spin model [Eq. (2)], respectively.

via the butterfly generate effective interactions between
the remaining spins 5 — 8. The resulting spin configu-
ration, with a ground state S = 10 and a first excited
S =9 multiplet lying about §Eg 19/kp = 44 K above it
[28-31], follows from the fact that |J4| > |J3| (all cou-
plings are antiferromagnetic). In addition to symmetric
exchange interactions, one has to consider also single-ion
magnetic anisotropies, dipolar interactions and antisym-
metric Dzyaloshinskii-Moriya (DM) interactions, which
mix states of different S [20]. Concerning the latter, al-
though it is in principle possible to make DM interactions
irrelevant on a specific bond by a gauge transformation,
compatibility conditions must be satisfied to extend this
over the molecule. To be precise, the product of the
gauge transformations associated to each bond along any
closed exchange path in the molecule should be equal to
(=1)"I (I = identity, n integer) [32]. The low symmetry
of Feg ensures that no such global similarity transforma-
tion should exist, mainly because the DM interactions
between the individual spins are certainly non uniform.
Based on the above considerations, we reduce the full
spin Hamiltonian of 8 Fe?* ions to a simpler and compu-
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FIG. 5: Scheme of exchange pathways connecting Fe*" ions in
the Feg core. Approximate values of the exchange constants
are [29] Ji/ks = =36 K, Jo/ks = —201 K, J3/ks = —26 K,
and J4/kB = —59 K.

tationally more affordable one, involving only two spins
St = 5 and Sy; = 5, defined in Fig. 5. This approxima-
tion can be justified by the fact that exchange interac-
tions in Feg as well as in other SMMs have been treated
by iteratively coupling spins in pairs [28, 33]. The two-
spin Hamiltonian reads as follows

H= Z Hanis,i — Z gimﬁi H

i=1,11 i=1,11
B 3 T S Gu S
— JS1S1 — S1ASI + dLIISI X SI1 (2)

where Hanis,i = _DiSi2,z+Ei(Si2,a:_Si2,y)+Ci (514:+ + 514:7)
accounts for the magnetic anisotropy of each spin, J >
0 is an effective isotropic exchange constant, A is an
anisotropic coupling tensor, and di is a DM inter-
action vector. We set Dr/kg = Di/kp = 0.625 K,
EI/kB = EH//CB =8.94x1072 K and CI/k‘B = CH/k’B e
—5.7 x 10~ K, which give, for the S = 10 multiplet, pa-
rameters D = 0.47Dy, E = 0.47E; and C' = 0.128Cf that
agree with those determined from EPR experiments [29].

Within this model, dominant symmetric exchange in-
teractions (mainly Jo and Jy) contribute to the formation
of the two giant spins S; and S_ﬁ, which are then coupled
by a weaker effective symmetric exchange. We have set
J/ks = 3.52 K to fit the energy gap dEg 10 between the
S = 9 and the S = 10 multiplets. The last two terms
in Eq. (2) parameterize the effects that dipolar and DM
interactions, considered as perturbations, have on the en-
ergies of the subspace defined by different S; and Sy ori-
entations. Dipolar interactions between spins (5,7) and
(6,8) give predominantly rise to a term —A;;St 4S04,
with A, /kg ~ 2.8 x 1072 K. This term hardly has any
noticeable influence on the period of quantum oscilla-
tions and, furthermore, it tends to reduce AH,. Because
of the close to planar molecular structure and its pseudo
C5 symmetry, the same considerations apply to terms

arising from dipolar interactions between any of these
spins and those forming the central butterfly. In order
to account for the observations, S-mixing must therefore
predominantly arise from antisymmetric exchange inter-
actions.

DM interactions between individual Fe3t spins are
generally of the order of Ag/g ~ 0.01 times the symmet-
ric interactions [34-36], thus about 0.3 — 2 K in the case
of Feg, see Fig. 5. The oscillation periods of A,, vs H,
depend on the magnitude and orientation of dyy1: they
increase with increasing di 1 when dy 11 points along the
hard axis x but decrease when dy 11 is along the medium
axis y. We have therefore set this vector along x and
varied its magnitude dy 11 to fit the experimental suscep-
tibility oscillations. As with the giant spin model, the
dynamical susceptibility has been calculated by solving
a Pauli master equation for the energy level populations
of Eq.(2). The best agreement, shown in Figs. 3 and 4,
is found for di1r/kg = 1.28 £ 0.05 K, which is compat-
ible with the above estimates. The model accounts for
the oscillations observed in the ac susceptibility and re-
lated quantities (7}, and 7) measured between 2 K and 3
K. In addition, it describes well the overall temperature
dependence of AH, between very low temperatures and
3 K (Fig. 4C). Finally, it predicts a ground state tun-
nel splitting Ajg/kg = 10~7 K, which agrees with that
determined from Landau-Zener experiments [11, 12].

It can be concluded that Eq. (2), despite its relative
simplicity, agrees not only with available spectroscopic
and magnetic data, but also provides a much more ac-
curate description of the spin dynamics in Feg than the
giant spin model Eq. (1). It also enables one to quantify
the degree of S-mixing. The ground state of Eq.(2) con-
tains 88.4 % of S = 10 states, 10.9 % of S = 9 states and
0.7 % of states from other multiplets.

Summarizing, we have shown that the ac linear mag-
netic response and the superparamagnetic blocking of
molecular nanomagnets are governed by quantum inter-
ferences, which can be tuned by an external magnetic
field. Furthermore, the period of oscillations is directly
linked to the nature of the spin states involved in the tun-
neling processes, i.e. on whether they are pure ground-
S states or quantum superpositions with states of other
multiplets. These results confirm that an accurate de-
scription of quantum phenomena in single molecule mag-
nets should take into account quantum mixing between
ground and excited multiplets. They also illustrate the
sensitivity of interference phenomena to small changes in
the wave function describing a physical system. By con-
trast, the relaxation time depends more strongly on the
energy and number of such states. Ac susceptibility mea-
surements performed under transverse magnetic fields
provide then a rather powerful, and general, method for
quantifying the degree of S-mixing in SMMs.
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