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Electron spins of molecular magnets are promising candidates for large scale quantum
information processing because they exhibit a large number of low-lying excited states. In this
paper X-band pulse electron paramagnetic resonance spectroscopy is used to determine the
intrinsic relaxation times T1 and T2 of a molecular magnet with an S = 1/2 ground state, namely
the neutral trinuclear oxo-centered iron(III) complex, [Fe3(m3-O)(O2CPh)5(salox)(EtOH)(H2O)].
The temperature dependence of the spin–lattice relaxation time T1 between 4.5 and 11 K shows
that the Orbach relaxation process is dominant with the ﬁrst excited state lying 57 cm1 above
the ground state, whereas the phase memory time TM is of the order of 2.6 ms and exhibits a
modest temperature dependence. These results together with previous magnetic measurements
give further insight into the magnetic properties of the complex. The coherent manipulation of the
electron spins is also examined by means of transient nutation experiments.

Introduction
Single-molecule magnets (SMMs)1,2 have received increased
attention for their relevance to fundamental phenomena, like
the coexistence of quantum and classical eﬀects3 and for the
opportunities of developing new types of magnetic materials
for data storage applications, magnetic resonance imaging
contrast agents4 and quantum computing.5 As far as the latter
application is concerned, SMMs with large spin ground states
are promising candidates for qubits because they exhibit a
large number of levels that makes them attractive for storage
of a larger amount of information. On the other hand, the
required control of the intra-particle exchange interactions on
the nanometer scale, which is necessary for the realization of
two-qubit operations, is still challenging. Recently,6,7 Loss and
co-workers proposed an alternative realization of electron spin
qubits based on spin clusters with S = 1/2 ground states. In
this case the ‘‘spin cluster qubit’’ consists of an odd number of
antiferromagnetically coupled spins and the logical state of the
qubit is encoded in the collective state of the spin cluster. This
approach allows for a more realistic construction of a twoqubit gate because the control of local magnetic ﬁelds or
exchange interactions in the length scale of some hundreds
of nanometers is feasible.
Assuming that the realization of a quantum computer based
on spin clusters will be possible in the future, the key question
that has to be answered ﬁrst is whether the intrinsic relaxation
times of such qubits are long enough to allow for a coherent
manipulation of their electron spins. Therefore, the determination of the two characteristic relaxation times, namely the
spin–lattice (or longitudinal), T1, and the spin–spin (representInstitute of Materials Science, NCSR Demokritos, 15310 Athens,
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ing the electron spin coherence time scale), T2, is critical. Pulse
electron paramagnetic resonance (EPR) spectroscopy8 is the
most direct technique for studying dynamic eﬀects in paramagnetic compounds since it directly monitors the magnetization associated to the spins.
Recently, a pulse EPR investigation on heterometallic
wheels9 showed that the dephasing time T2 is of the order of
400 ns at 4.5 K. Herein we report a detailed study on spin
relaxation eﬀects of the neutral trinuclear oxo-centered
iron(III) complex, [Fe3(m3-O)(O2CPh)5(salox)(EtOH)(H2O)],
where salox2 is the dianion of salicylaldehyde oxime
(Fig. 1). Previous magnetic measurements indicate that the
three FeIII(S = 5/2) sites are antiferromagnetically coupled to
give an S = 1/2 ground state. Although many triferric
complexes have this property, their S = 1/2 ground state is
characterized by signiﬁcant anisotropy due to non Heisenberg
interactions (ref. 10 and references therein). For the present
compound continuous wave (cw) X-band EPR spectroscopy
in frozen acetone solutions indicated that the ground state of
the system is characterized by isotropic properties yielding a
derivative signal centred at g B2.0. Therefore, this particular
triferric complex constitutes a simple exchange coupled system
with an isotropic S = 1/2 ground state, the relaxation properties of which may be monitored by pulse EPR. This compound
is the simplest example of spin clusters consisting of an odd
number of antiferromagnetically coupled spins which, according to Loss and co-workers,6,7 could be relevant for quantum
computing. The results of the present pulse EPR study are in
line with the aforementioned measurements.11 The temperature dependence of the spin–lattice relaxation time T1 between
4.5 and 11 K shows that the two-level Orbach relaxation
process is dominant with the ﬁrst excited state lying 57 cm1
above the ground state. The latter result gives further insight
into the magnetic properties of the complex since it is directly
Phys. Chem. Chem. Phys., 2008, 10, 743–748 | 743

Fig. 2 FID-detected X-band EPR spectrum recorded at 8 K.
Fig. 1 Molecular structure of the [Fe3(m3-O)(O2CPh)5(salox)(EtOH)(H2O)] complex (colour code: Fe, octant; O, dark grey; N,
light grey; C, white).

related to the intra-particle exchange interaction constants. In
addition, two-pulse electron spin echo experiments show that
the dephasing times are of the order of 2.6 ms and exhibit weak
temperature dependence. Finally, the possibility of coherent
manipulation of the electron spin is demonstrated by means of
transient nutation experiments.

Experimental
Sample preparation
The sample was prepared as described in ref. 11. Because we
are interested in the properties of isolated complexes and in
order to avoid solid-state eﬀects due to dipolar interactions,
the pulse EPR measurements were performed on frozen solutions of the complex in acetone having a concentration of
0.5  103 M.
Pulse EPR spectroscopy
Pulse EPR measurements at X-band (microwave (mw) frequency, 9.715 GHz) were performed on a Bruker E580
spectrometer equipped with a helium cryostat from Oxford
Inc., (at temperatures between 4.5 and 12 K). The temperature
was stabilized with an Oxford ITC-502 temperature controller
within 0.1 K. The ﬁeld-swept EPR spectrum (Fig. 2) was
recorded by integrating the free induction decay (FID) signal
after a p/2 pulse of 500 ns. The relaxation measurements were
performed at B0 = 346.4 mT corresponding to the maximum of
the ﬁeld-swept EPR spectrum. The repetition rate was properly
adjusted in every measurement in order to avoid saturation.
The electron spin–lattice relaxation times T1 were measured
by inversion and saturation recovery methods. For the inversion recovery, the pulse sequence p–t–p/2–t–p–t–echo was
used. The saturation recovery was monitored with the same
pulse sequence by replacing the inversion p pulse with a
saturation pulse train of N p/2 pulses; typically N = 30 pulses
with an interpulse delay of 0.5 ms were used. In both methods,
the lengths of the mw p/2 and p pulses were 16 and 32 ns,
744 | Phys. Chem. Chem. Phys., 2008, 10, 743–748

respectively. For each trace, 100 data points were collected
with an appropriate time increment to ensure complete magnetization recovery.
The phase-memory times TM were measured by the twopulse echo decay sequence, p/2–t–p–t–echo, with t varying. In
order to reduce signal modulations originating from the
electron spin echo envelope modulation (ESEEM) eﬀect associated with coupling of the electron spin to nearby magnetic
nuclei, selective mw p/2 and p pulses were used with pulse
lengths of 64 and 128 ns, respectively.
Transient nutation experiments were performed with the
pulse sequence shown in Fig. 7. After a nutation pulse of
variable duration tnut, the longitudinal magnetization was
indirectly detected by a two-pulse sequence, p/2–t–p–t–echo,
which is applied at time T c tnut, TM to ensure complete decay
of the electron coherence.
Data manipulation
The data were processed with the program MATLAB 7.0 (The
MathWorks, Natick, MA). The relaxation times were determined by ﬁtting the time traces with single exponential functions. The temperature dependence of the relaxation rate 1/T1
is presented in two ways: (1) ln(1/T1) versus 1/T (Orbach
representation) and (2) ln(1/T1) versus ln(T) (Raman representation). For the transient nutation experiments, the time traces
were baseline corrected with a biexponential decay, apodized
with a Gaussian window, and zero-ﬁlled. After a Fourier
transform (FT), the absolute-value spectra were calculated.

Results and discussion
The ﬁeld-swept EPR spectrum of the [Fe3(m3-O)(O2CPh)5(salox)(EtOH)(H2O)] complex in acetone frozen solution is
shown in Fig. 2. The signal is characterized by a nearly
structureless absorption curve centered at g B 2.0. Previous
cw EPR and magnetic studies showed that the signal arises
from the S = 1/2 ground state of isolated trimers and can be
best described by the following isotropic Heisenberg–
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Dirac–van Vleck Hamiltonian:
H ¼ be gB 0 ðS 1 þ S 2 þ S 3 Þ=h  2JðS 1 S 3 þ S 2 S 3 Þ  2J 0 S 1 S 2 :
ð1Þ
The analysis of magnetic susceptibility data revealed two
equally probable solutions with parameters (i) J = 35.9
1
1
1
0
0
cm , J = 29.8 cm and (ii) J = 31.3 cm , J = 41.2
1 11
cm . The dual character of this solution is an inherent
property of trinuclear complexes of this kind.12 The temperature dependence of the spin–lattice relaxation rates can give
information about the low-lying excited states which, under
favourable conditions, may be used to distinguish between the
two cases.
Characteristic inversion-recovery traces at three diﬀerent
temperatures (7.0, 8.5, and 10.2 K) are shown in Fig. 3. The
data can be accurately simulated assuming single exponential
functions and yield T1 values between 693  42 ms (5.5 K) and
0.55  0.05 ms (11.0 K). At higher temperatures, no data could be
obtained, because the echo intensity was too small to be measured accurately. The single-exponential character of the recovery
traces indicates that no spectral diﬀusion eﬀects are encountered
in our measurements.13 This is further supported by saturationrecovery experiments which gave similar T1 values (data not
shown). Therefore, we can tentatively assume that spectral diﬀusion eﬀects are negligible under the present conditions.
There are mainly three processes that can determine the
temperature dependence of the spin–lattice relaxation rate: the
direct process,14,15 where one phonon with energy _omw is
absorbed or emitted by the spin system, is eﬃcient at very low
temperatures and gives a temperature dependence of 1/T1pT.

Fig. 3 Inversion-recovery data (open circles) at three diﬀerent temperatures and superimposed exponential ﬁts (solid lines).
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At higher temperatures, T c _omw/kB, the two-phonon
Raman process (inelastic scattering of phonons by the spin)
involving virtual energy levels is more eﬃcient. In this case, the
relaxation rate scales as 1/T1 p T5, T7 or T9, depending on the
system and the temperature range.14 Finally, if the system has
low-lying excited states within the phonon spectrum, it is
possible for a spin to relax making transitions between the
ground and the excited states.16,17 In this Orbach–Aminov
process, the relaxation rate scales as 1/T1 p D3/[exp(D/T)1],
where D is the energy diﬀerence (in temperature units) between
the ground and excited states. At suﬃciently low temperatures
(T { D), the Orbach process is described by
1=T1 ¼ bO D3 expðD=TÞ

ð2Þ

where bO is a pre-exponential factor, and T is the temperature.
This relaxation process has been used to describe the spin–lattice relaxation of [Fe3S4]+ clusters in iron–sulfur proteins.13,18
Fig. 4 shows the temperature dependence of the spin–lattice
relaxation rate in both Orbach and Raman representations.
The plots show strong temperature dependence and can be
accurately described by linear ﬁts with R-factors of 0.995 and
0.996, respectively. The ﬁt with eqn (2) (Orbach process) yields
bO = (5.7  1.6)  103 s1 K3 and D = 82  2 K (57  2
cm1), whereas the ﬁt with the Raman-type process, 1/T1 =
bRTx, gives bR = (2.3  1.3)  105 s1 (with T in K) and x =
10.6  0.3. The good quality of the linear ﬁts in both
representations does not allow to distinguish between the
two processes in a deﬁnite way. However, the unusually large
exponent x = 10.6 deduced from the Raman-type ﬁt indicates
that the Orbach process is most likely the dominant one.
Moreover, the pre-exponential Orbach factor bO = 5.7 
103 s1 K3 is in line with the values found for similar systems
containing FeIII (S = 5/2) ions.18,19 Therefore, we conclude
that the Orbach relaxation process is also dominant in
our case.
The above information can give further insight into the
electronic structure of the complex. Fig. 5 illustrates the spin
state energy level diagrams for the two solutions (i) and (ii) of
the magnetic susceptibility data. The energy levels are the
solutions of the spin Hamiltonian given in eqn (1) with B0 = 0.
For case (i), with |J| 4 |J 0 |, the ﬁrst excited state is a doublet
with energy D = 6(J  J 0 ) = 36.6 cm1 and the next excited

Fig. 4 Temperature dependence of the spin–lattice relaxation rate in
Orbach and Raman representations together with the corresponding
linear ﬁts.
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Fig. 5 Spin state energy level diagrams for the two solutions (i) J =
35.9 cm1, J 0 = 29.8 cm1 and (ii) J = 31.3 cm1, J 0 = 41.2
cm1 of the magnetic susceptibility data. The numbers next to the
levels indicate their multiplicity.

state is a quartet with energy D = 8J 0 + 5J = 58.9 cm1
above the ground state. The situation is diﬀerent for case (ii),
with |J| o |J 0 |, where the ﬁrst excited state is a quartet with
energy D = 7J + 4J 0 = 54.3 cm1 and the next excited state
is a doublet with energy D = 6(J 0  J) = 59.4 cm1. This
analysis shows that in case (ii) the ﬁrst two excited states are
very close to each other, whereas in case (i) the ﬁrst excited
state is closer to the ground state. Therefore, for case (i), one
would expect a strong deviation of the temperature dependence of the relaxation rate from the simple exponential law
given in eqn (2). At suﬃciently low temperatures, the low-lying
excited state with D = 36.6 cm1 would dominate while at
higher temperatures the next excited state D = 58.9 cm1
would prevail. Recently, a low-lying excited state of 28 cm1
has been obtained in the same temperature range (between 4.3
and 9 K) for a dinuclear manganese complex, PivOH.20
Overall, case (i) would imply two diﬀerent slopes in the
Orbach representation which cannot be discerned from our
spin–lattice relaxation data. Indeed, the ﬁt of the data with a
simple exponential law with D = 57 cm1 strongly indicates
that this energy is associated to the ﬁrst excited state. This
result is in very good agreement with the energy level diagram
of case (ii) and shows that the exchange constants J = 31.3
cm1 and J 0 = 41.2 cm1 can suﬃciently describe our
system.
We now focus on the determination of the transverse
relaxation time, T2. Since this time represents the coherence
time scale, it is very crucial for the implementation of the
present trinuclear complex as a qubit. Fig. 6a shows typical
two-pulse echo decays for selective and for broadband pulses
(inset). The latter trace shows strong modulations with a
period of 72 ns that corresponds to a modulation frequency
of 13.8 MHz. This frequency is very close to the proton
Larmor frequency for B0 = 346.4 mT and thus the observed
modulations are assigned to weakly coupled protons to the
unpaired electron spin. On the other hand, the two-pulse echo
746 | Phys. Chem. Chem. Phys., 2008, 10, 743–748

Fig. 6 (a) Two-pulse electron spin echo decay as a function of the
interpulse delay t, measured at T = 7 K with long selective pulses and
the superimposed exponential ﬁt (gray line). Inset: echo decay
for short broadband pulses. (b) Temperature dependence of T1
(open circles) and TM (full circles).

decay measured with selective pulses can be accurately
described with a single exponential function given by
I ¼ I0 expð2t=TM Þ

ð3Þ

where TM is an empirical parameter, the so-called phasememory time, which corresponds to the inverse homogeneous
linewidth and describes all the other echo decay mechanisms.
In literature, TM is frequently simply called T2, the transverse
relaxation time which is determined by the ﬂip–ﬂop spin–spin
relaxation (T2 0 ) and lifetime broadening (2T1). It should be
mentioned however that there may be several other contributions to TM, like for instance, dephasing mechanisms associated to partial excitation of a broad EPR spectrum due to
the limited excitation bandwidth of the mw pulses.21–23 In this
case the local ﬁeld at the excited A spins is inﬂuenced by
dipolar couplings to surrounding B spins which are not
excited. Spin–lattice relaxation of the B spins causes ﬂuctuations of the local ﬁelds at the A spins with an average rate of
1/T(B)
1 . The contribution of this mechanism to the echo decay
1/2
is given by TM = 1.4(T(B)
, where Dodip is the EPR
1 /Dodip)
linewidth resulting from spin–spin interactions with B
spins.21,22 Note that this mechanism together with lifetime
broadening (2T1) are responsible for a possible temperature
dependence of TM. Fig. 6b shows that up to 7 K TM is
temperature independent with a mean value of 2.6 ms, implying
that at T o 7 K TM is mainly governed by spin–spin relaxation
(T1 c T2), whereas at higher temperatures the contribution of
T1-relaxation mechanisms to TM becomes signiﬁcant.
This journal is
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At low temperatures where TM is temperature independent,
a similar relaxation mechanism may be important in systems
with abundant protons like the present one under study. Here,
the protons play the role of the B spins but relax predominantly by spin–spin relaxation rather than spin–lattice relaxation. This causes ﬂuctuations of the hyperﬁne ﬁeld at the
observed electron spins and can be checked by repeating the
experiment with a deuterated system. Recently, a pulse EPR
investigation on heterometallic wheels9 showed that this is the
dominant source of spin decoherence. Note however that our
TM of 2.6 ms is signiﬁcantly larger than the reported one for
heterometallic wheels (0.55 ms at 1.8 K).
Another mechanism that can contribute to echo decay is the
instantaneous diﬀusion which is related to the pulsing conditions and not to intrinsic relaxation of the electron spin.23
Although instantaneous diﬀusion can be isolated from intrinsic
relaxation eﬀects by changing the turning angle of the second
mw pulse,24 this segregation is beyond the scope of this paper.
In fact, contributions from instantaneous diﬀusion should
always be taken into account because they will be present in
any quantum gate based on multiple-pulse sequences.
The previous analysis shows that below 7 K both T1 and TM
are suﬃciently long to allow for a coherent manipulation of
the electron spin. Interestingly, the obtained phase-memory
time of 2.6 ms is much longer than the typical time scale for
coherent manipulation of 10 ns. It should be noted, however,
that although a long enough TM is a prerequisite for a possible
implementation of the spin system as a qubit, it cannot by
itself guarantee fault-tolerant quantum information processing. This is because a quantum gate based on multiple-pulse
sequences may induce additional decoherence pathways and
thus result in quantum operations of poor ﬁdelity. In order to
examine the degree of coherent manipulation of the electron
spin in our system, we performed transient nutation experiments with the pulse sequence shown in Fig. 7a.25 The ﬁrst mw
pulse rotates the electron spin polarization by an angle j =
o1tnut, where o1 is the mw ﬁeld strength in angular frequency
units and tnut is the pulse length. During the delay time T c
tnut, TM, all electron coherences decay completely and the
change in polarization induced by the nutation pulse is
detected by a two-pulse echo. The echo intensity as a function
of tnut shows a periodic modulation with frequency o1 and
corresponds to coherent oscillation of the electron spin
between the mS = +12 and 12 sublevels. This nutation experiment is equivalent to realization of a NOT gate, which is an
essential one-qubit gate for quantum computation schemes.
Fig. 7b shows that the signal exhibits oscillations at least up
to 1 ms. However, only part of these oscillations is assigned to
transient nutation of the electron spin, as can be seen in the
corresponding FT spectrum of Fig. 7c (solid trace). This
spectrum consists of two broad peaks around 21.4 and
3 MHz and a sharp peak at the proton Larmor frequency of
14.7 MHz. For a system of an electron spin S = 12 coupled to a
nuclear spin I = 12 (protons in our case) the nutation frequency
is given by oaN = o1I1/2
a , where Ia is the transition probability
of the allowed EPR transitions. For the case of anisotropic
hyperﬁne coupling the transition probability of the forbidden
EPR transitions, If, is non-zero and the corresponding nuta26
tion frequency is given by ofN = o1I1/2
For matrix protons
f .
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Fig. 7 (a) Pulse sequence for transient nutation experiment. (b) Echodetected longitudinal magnetization after a nutation pulse as a function of its length, tnut. (c) Absolute-value FT spectrum of the entire
pattern (solid trace) and of the signal obtained with tnut 4120 ns alone
(dotted trace). (d) Baseline-corrected two-pulse echo as a function of
the interpulse delay, t. (e) Absolute-value FT spectrum of (d).

Ia c If, which implies oaN E o1 and ofN { o1. Consequently,
and since in our experiment the strength of the nutation pulse
was tuned with a 12 ns (p/2)–t–24 ns (p) two-pulse echo
(corresponding to o1/2p = 20.8 MHz), the high- and lowfrequency broad peaks are assigned to the transient nutation
of the electron spin associated to the allowed and the forbidden EPR transitions, respectively. Note that these peaks
are completely suppressed when only the part of the timedomain signal with tnut 4120 ns is analyzed (Fig. 7c, dotted
trace). This means that the signal associated to the transient
nutation of the electron spin has completely decayed within
the ﬁrst 120 ns. Such a fast decay cannot be assigned to
transverse relaxation because the phase-memory time TM =
2.6 ms is much longer. The additional sources of the observed
decoherence can be ascribed to B1-ﬁeld inhomogeneities and
the limited excitation bandwidth of the mw pulses, which are
well-known eﬀects in transient nutation experiments.27
Furthermore, the anisotropic hyperﬁne coupling of the matrix
protons may also broaden the nutation frequencies and thus
contribute to the signal decay.
The long-lasting echo oscillations observed in the nutation
experiment originate from the ESEEM eﬀect. A nutation pulse
is a non-ideal pulse and thus when applied on a coupled
electron-nucleus system, it can transfer electron coherence
and polarization to nuclear coherences and vice versa.28 In
addition, a long and strong mw irradiation can also act as a
hyperﬁne-decoupling pulse resulting in complete or partial
cancellation of the hyperﬁne interaction.29 Hence, in any
nutation spectrum there will be peaks at the nuclear Zeeman
frequencies of the coupled nuclei (protons in our case), no
information about the size of the hyperﬁne coupling will be
contained.
Phys. Chem. Chem. Phys., 2008, 10, 743–748 | 747

A similar modulation pattern is typically observed in a twopulse experiment yet of shorter duration because electron
coherence decays faster than nuclear coherence (Fig. 7d). In
this pulse experiment the ESEEM frequencies contain information about the hyperﬁne couplings, in contrast to the
nutation experiment. The anisotropic hyperﬁne coupling
broadens the ESEEM spectrum and can thus enhance the
echo decay. Moreover, the corresponding FT spectrum is
more complicated because it contains sums and diﬀerences
of ESEEM frequencies (Fig. 7e).8 It is interesting to mention
that (to the best of our knowledge) ESEEM eﬀects have not
been considered yet in the design of pulse sequences for
quantum information processing and it would be tempting
to study whether they can contribute to the construction of
high-ﬁdelity quantum operations.
In their theoretical work,6,7 Loss and co-workers proposed
that the general family of the complex studied here is relevant
to quantum computing. Our present work is the ﬁrst example
that experimentally supports this idea. EPR methods provide a
powerful tool for analyzing spin relaxation times which is
crucial in order to decide whether a spin system can be
practically used in quantum computing. In this context, the
phase-memory time of 2.6 ms is suitable for manipulating the
electron spins of these ‘‘spin cluster qubits’’ by pulse EPR
methods. This result together with the theoretical predictions
of Loss and co-workers implies that the present trinuclear iron
complex is a promising candidate for quantum information
processing. In addition, the development of new pulse sequences with slow decoherence rates is equally important for
the realization of quantum computing based on electron spins
and EPR.

Conclusions
In summary, we have presented a detailed pulse EPR study
of the neutral trinuclear oxo-centered iron(III) complex,
[Fe3(m3-O)(O2CPh)5(salox)(EtOH)(H2O)]. Our results are
in line with previous magnetic measurements which showed
that the three FeIII (S = 5/2) sites are antiferromagnetically
coupled with an S = 1/2 ground state. The temperature
dependence of the spin–lattice relaxation time T1 revealed
that the two-level Orbach relaxation process is dominant
with the ﬁrst excited state lying 57 cm1 above the ground
state. The latter result gave further insight into the magnetic
properties of the complex and is compatible with the
intra-particle exchange constants J = 31.3 cm1 and
J 0 = 41.2 cm1. Clearly, pulse EPR measurements have
allowed to choose between two sets of exchange coupling
parameters, which is a question not possible to answer by
other means. Two-pulse electron spin echo experiments
showed that the dephasing times of 2.6 ms are suitable for
quantum computing based on electron spins and EPR.
Finally, transient nutation experiments indicated that B1-ﬁeld
inhomogeneities and the limited excitation bandwidth of
the mw pulses are the main sources of decoherence in
quantum operations. This result clearly shows the need for
development of more eﬃcient quantum gates if the general
family of these materials are to be used as elements of a
quantum information processing device.
748 | Phys. Chem. Chem. Phys., 2008, 10, 743–748
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