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Introduction

Single-molecule magnets (SMMs) are exchange-coupled mo-
lecular spin clusters that exhibit slow relaxation of magneti-
zation.[1] Intriguing quantum effects, such as tunneling of the

magnetization or quantum phase interference, have been
observed in SMMs.[2] In the quest to create SMMs with ever
longer magnetic relaxation times, many efforts have been
undertaken to raise the barrier for magnetization reversal.
To date values of up to 170 K have been realized.[3] Most
SMMs are based on 3d transition-metal ions only. Recently,
however, approaches have been made to introduce 4d, 5d,
or lanthanide and actinide ions as magnetic centers.[4]

Detailed information about ground-state and low-energy
excitations is conveniently obtained from inelastic neutron
scattering (INS) or electron paramagnetic resonance (EPR).
In the case of spin values being sufficiently well defined, the
selection rules pertinent to INS read DS= 0, �1 and DMS =

0, �1, which allows for both inter- and intramultiplet transi-
tions. On the other hand, the selection rules in EPR, DS= 0
and DMS =�1, allow for intramultiplet transitions only. As
a consequence of the fewer possible transitions in EPR as
compared to INS, EPR data can strongly support the inter-
pretation of complicated INS data: comparing EPR and INS
spectra provides a means to infer the type of a transition
being intramultiplet (DS=0) or intermultiplet (DS¼6 0). In
addition, EPR delivers a much higher spectral resolution
than INS. Conventional EPR is run in applied magnetic
fields, whereas INS is a frequency-domain technique, and so
magnetic parameters deduced by these techniques frequent-
ly differ.[5,6] To avoid difficulties, EPR spectra should hence
also be taken without external magnetic field (e.g., using
frequency-sweep techniques (such as frequency-domain
magnetic resonance spectroscopy, or FDMRS),[7] time-
domain spectroscopy (TDS),[8] or frequency-domain Fourier-
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Abstract: We have investigated the
novel single-molecule magnet (NEt4)-ACHTUNGTRENNUNG[Mn2(5-Brsalen)2 ACHTUNGTRENNUNG(MeOH)2Cr(CN)6] (1;
5-Brsalen = N,N’-ethylenebis(5-bromo-
salicylidene)iminato anion) using spec-
troscopic as well as magnetization and
susceptibility measurements. Frequen-
cy-domain Fourier-transform terahertz
electron paramagnetic resonance
(FDFT THz-EPR) based on the gener-
ation of THz radiation from a synchro-

tron in combination with inelastic neu-
tron scattering (INS) allows for the dis-
crimination between intermultiplet and
intramultiplet transitions. Together
with ac/dc magnetic susceptibility

measurements the obtained set of data
provides a complete characterization of
the lowest energetic magnetic excita-
tions. We find that the new compound
1 exhibits much weaker intermolecular
interactions than found in the closely
related compound: K ACHTUNGTRENNUNG[Mn2(5-Brsalen)2-ACHTUNGTRENNUNG(H2O)2Cr(CN)6] (2). Furthermore, two
phonon lines in the vicinity of the mag-
netic excitations are detected.
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transform terahertz EPR (FDFT THz-EPR)).[9,10] A com-
bined FDMRS-INS approach has recently been exploited in
SMMs.[11] The advantage of FDMRS, TDS, and FDFT THz-
EPR is that, intrinsically, a multifrequency experiment is
performed without the need for magnetic-field sweeps.
However, FDFT THz-EPR delivers a number of advantages
because spectra do not have to be pieced together by using
different sources for different parts of the frequency
window. Additionally, frequency is not scanned, but rather
one-shot measurements with high intensity are realized,
thereby resulting in quick measurements and good resolu-
tion simultaneously.

In conventional EPR, a resonator is used to create a
standing wave pattern with the sample placed at the maxi-
mum of the oscillating magnetic field, and the static magnet-
ic field is swept. In contract, in FDFT THz-EPR, FDMRS,
and TDS, traveling waves are sent through the sample while
measuring the transmitted intensity. This implies that not
only the oscillating magnetic field part of the electromagnet-
ic wave couples to magnetic moments but also the oscillat-
ing electric field can excite, for example, phonons. The in-
vestigation of phonons in SMMs is of interest because the
spin–phonon coupling is one of the main sources of relaxa-
tion of magnetization.[12]

An FDFT THz-EPR setup has recently been installed at
the BESSY II storage ring in Berlin, Germany. The capabili-
ty of the Berlin setup has been demonstrated by a measure-
ment on the well-known Mn12ac.[10] A similar setup located
at the Brookhaven National Laboratory has been previously
employed for the study of magnetic excitations in inorganic
crystals such as transition-metal oxides.[9] In these studies, in-
coherent synchrotron radiation was used, whereas the Berlin
setup exploits high-intensity coherent synchrotron radiation
(CSR). The CSR with a usable energy range of 6–30 cm�1 is
several orders of magnitude stronger than the incoherent ra-
diation when the storage ring is operated in the low-alpha
mode.[13]

Here we present the first FDFT THz-EPR measurements
on a newly synthesized cyanide-bridged trimeric SMM,
(NEt4) ACHTUNGTRENNUNG[Mn2(5-Brsalen)2 ACHTUNGTRENNUNG(MeOH)2Cr(CN)6] (1; 5-Brsalen =

N,N’-ethylenebis(5-bromosalicylidene)iminato anion).
Figure 1 illustrates the compound, which has been derived
from the K ACHTUNGTRENNUNG[Mn2(5-Brsalen)2ACHTUNGTRENNUNG(H2O)2Cr(CN)6] (2) trimer.[15a,d]

Similar cyanide-bridged clusters are currently an active area
of research.[14,15] Previously, SMM behavior had been sug-
gested in 2,[15a,d] but the observed weak out-of-phase compo-
nent in the ac susceptibility indicates that the fraction of
slowly relaxing species is low. Further, significant magnetic
interactions mediated by hydrogen bonds were found be-
tween the trimeric units. Hence, the synthetic goal of the
present study was to modify the previously described trimer
so as to lower the intercluster coupling and raise the out-of-
phase ac signal. The chosen approach was to magnetically
isolate the trinuclear units through replacement of axial
water ligands by methanol.

Results and Discussion

Figure 2a (main panel) shows the temperature-dependent
FDFT THz-EPR transmission spectra; the reference spec-
trum was taken at 20 K. The gray-shaded area in the 1.6 K
spectrum indicates the experimental error; it varies with fre-

Figure 1. Molecular structure of the [Mn2(5-Brsalen)2 ACHTUNGTRENNUNG(MeOH)2Cr(CN)6]
�

anion. The NEt4
+ counterion is omitted for clarity.

Figure 2. a) Main panel: Temperature-dependent FDFT THz-EPR trans-
mission spectra. The gray-shaded area indicates the experimental error
drawn around unity transmission. Insets: magnifications showing mea-
sured and simulated signal for dip M1. b) Magnetic-field dependence of
M1.
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quency due to the spectrum of the incident THz radiation.
The detectable spectral range here reaches from 9 to
27 cm�1; beyond these boundaries it was not possible to ach-
ieve a good signal-to-noise ratio. Notably, in ref. [10] meas-
urements could be performed down to energies of 6 cm�1.
Ultimately, in our experiment the low-energy cutoff is deter-
mined by apertures and the maximum energy is set by the
spectrum of the THz radiation produced by the synchrotron.
However, the limiting factor in the present case was the
very strong broadband absorption of the sample that ex-
tended over the whole spectral range of the measurements.
This lead to a decrease of signal-to-noise and in turn to a
narrowing of the detectable range. In the present case, the
broadband absorption was measured to be 90 % (sample
versus no sample at room temperature).

A strong dip in the transmission spectrum (labeled M1)
appears at 12.3(1) cm�1. At the transmission minimum,
more than 70 % of the incident radiation is absorbed. The
full width at half-maximum (FWHM) of the dip (0.3 cm�1)
is determined by the sample and not by the spectrometer
resolution. M1 is clearly most intense at the lowest tempera-
tures (see also Figure 2, left inset), which strongly suggests
that it corresponds to a transition that starts out from the
ground state (cold transition). The sharp feature observed at
18.6(1) cm�1 with a FWHM of 0.2 cm�1 is a water absorption
line[16] that is unavoidable in the present experimental condi-
tions. Also, the experimental error at this frequency is larger
than the signal. This dip was hence ignored in the analysis.

Figure 2b displays the dependence of M1 on a magnetic
field of 0.5 T applied perpendicularly to both the propaga-
tion direction and the oscillating magnetic field of the beam.
Clearly, the feature exhibits broadening and a small shift of
0.15 cm�1. This is consistent with a DMS =�1 magnetic tran-
sition in a powder sample of an anisotropic system, thus
confirming the magnetic nature of M1.

Figure 3 reveals the behavior of 1 at elevated tempera-
tures. The transmission spectra were obtained by dividing
the high-temperature spectra by two different 5 K spectra,
and the resulting two series are shown in Figure 3a and b.
The gray-shaded areas behind the 50 K spectra indicate ex-
emplarily the experimental error, and the water absorption
line is marked by a black arrow underneath the data. Spec-
tra were taken on the fly at temperatures between 15 and
50 K while the sample was cooling down from room temper-
ature. We emphasize that here the normalization is per-
formed inversely compared to the spectra shown in Figure 2.
Therefore, dip M1 appears now as a peak. At elevated tem-
peratures, two rather broad features P1 and P2 emerge at
energies of 18.4 and 24.3 cm�1 with a FWHM of 1.2 and
2.2 cm�1, respectively. A careful comparison of Figures 2 and
3 reveals that in Figure 2 P1 might be present but it is not
significant and much weaker than the water absorption line.
In contrast, Figure 3a shows that at high temperatures P1
clearly becomes larger than the noise. The only difference
between Figure 3a and b is the 5 K reference, thereby indi-
cating that all spectra are highly reproducible except at the
exact location of the water absorption, (18.6�0.1) cm�1. An-

other criterion that allows one to separate P1 from the
water absorption is its much lager FWHM.

Figure 4a shows the temperature-dependent INS spectra.
They are of high quality, even though a nondeuterated
sample was used. In total, 7 features are found. All are tem-
perature-dependent except for feature X1, which is there-
fore not of magnetic origin. Features M1, M2, and M3 at en-
ergies of 12.5(9), 23.5(9), and 34.0(9) cm�1 are most intense
at the lowest temperatures and hence assigned to cold mag-
netic transitions, whereas feature m4 increases with intensity
and is assigned to a hot magnetic transition that originates
from an excited state. On the anti-Stokes side of the spectra,
transition M1’, which corresponds to M1, appears. Addition-

Figure 3. a) and b) High-temperature spectra divided by two different
5 K spectra. The black arrow indicates the position of the water absorp-
tion line. The gray-shaded area behind the 50 K spectrum exemplarily in-
dicates the experimental error, valid for all spectra of the series.

Figure 4. a) Temperature-dependent INS spectra. b) Simulated INS spec-
tra using the spin-Hamiltonian Equation (1) with best-fit parameters
given in the text and temperatures and jQ j range identical to the experi-
ment.
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ally, feature m5’, which corresponds to a hot magnetic tran-
sition at �5.9(4) cm�1, is observed. Importantly, M1 is ob-
served in both the EPR and INS experiments, whereas tran-
sition M2 appears only in the INS data. This directly demon-
strates that M1 corresponds to an intramultiplet, and M2 to
an intermultiplet transition. Feature m5’ lies outside the de-
tection range of the FDFT THz-EPR. Hence, no conclusion
about the type of the corresponding transition can be made.

When further comparing the FDFT THz-EPR and INS
spectra, it is interesting to note that the features P1 and P2
seen in FDFT THz-EPR (Figure 3) do not have an equiva-
lent in the INS spectra. Also, we found that they do not
broaden upon the application of a magnetic field (not
shown here). The X1 feature observed in INS lies outside
the range of the FDFT THz-EPR. From these observations
we conclude that P1 and P2 correspond to nonmagnetic ex-
citations and they could be attributed to, for example, IR-
active transverse optical phonons or librons, that is, a twist-
ing motion of molecules within the molecular crystal.[17] As
mentioned before, phonons can in principle be excited by
the oscillating electric field contained in the travelling THz
electromagnetic wave. FDFT THz-EPR only probes very
small k vectors, that is, the near center of the Brillouin zone,
because of the massless nature of photons. In contrast, INS
probes the full Brillouin zone. However, the intensity for
the P1 and P2 modes is too weak to be seen due to small
jQ j and low temperature.[18]

Figure 5 shows the cT product obtained from the dc sus-
ceptibility measurement. At high temperatures, cT is consis-
tent with an asymptotic value of 7.9 cm3 K mol�1, which cor-
responds to two SMn =2 ions and a single SCr =

3=2 ion (g=2).
Towards intermediate temperatures, cT drops, thus suggest-
ing intracluster antiferromagnetic interactions. It reaches a
short plateau at approximately 30 K before quickly falling
off at very low temperatures.

As shown in Figure 6a, the out-of-phase component in the
ac susceptibility c’’(T) is strongly frequency-dependent with
clear peaks, thus demonstrating slow relaxation of magneti-

zation. This behavior combined with a concomitant decrease
in the in-phase component c’(T) suggests SMM behavior.
The c’’(T) peak signal is about five times stronger than that
reported for 2,[15d] which implies that the new compound
contains a significantly larger number of SMM-active mole-
cules. Figure 6b shows the extracted relaxation times (black
dots) together with a fit to the Arrhenius law t=t0 � exp-ACHTUNGTRENNUNG[Deff/kBT] (solid line). The relaxation time t, as determined
from the peak maxima in c’’(T) at which t equals the driving
frequency of the ac field, is thoroughly described by the Ar-
rhenius law with an activation barrier of Deff/kB =18 K and a
pre-exponential factor of t0 =2 � 10�8 s. An analysis of the ac
susceptibility data within the framework of a generalized
Debye model[19] is consistent with a narrow distribution of
relaxation times as expected for an SMM.

As indicated before, the molecular structures of 1 and the
previously reported 2 are closely related. Consequently, the
spin Hamiltonian [Eq. (1)] used for 2 was also employed for
the modeling of 1:

Ĥ ¼�JŜ2 � Ŝ1�JŜ2 � Ŝ3þD
X

i¼1;3

ðŜ2
i,z�

1
3

Si�ðSiþ1ÞÞ

þmB

X

i¼1;2;3

giŜi � B
ð1Þ

For symmetry reasons, J12 =J23 = J and D1 =D3 =D. The indi-
ces pertain to the numbering Mn(1)-Cr(2)-Mn(3) of the tri-
nuclear unit. Further, all g tensors were assumed to be iso-
tropic, which is reasonable for MnIII and CrIII ions and re-
duces the number of fit parameters. For 2, the dc susceptibil-
ity data could satisfactorily be modeled only by additionally
introducing a weak antiferromagnetic intermolecular inter-
action. Within the framework of the molecular-field approxi-

Figure 5. Temperature-dependent dc susceptibility (cT product). Points
represent the experimental data; the solid line is a fit using the spin-
Hamiltonian Equation (1) with parameters given in the text.

Figure 6. a) Out-of-phase component of the ac susceptibility for different
frequencies as indicated in the plot. b) Extracted relaxation times (black
dots) and fit to the Arrhenius law (solid line).
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mation an additional contribution to the susceptibility due
to the molecular field appears [Eq. (2)].[20]

l ¼ 2zJint

NAg2m2
B

ð2Þ

Here, z is the number of nearest neighbors, NA is the Avoga-
dro number, and Jint is the coupling between clusters. The
measured susceptibility c is then given by Equation (3):

1
c
¼ 1

~c
� l ð3Þ

in which ~c is the susceptibility calculated from Hamiltonian
Equation (1). For 2, Jint was found to be �1 cm�1.[15d]

For compound 1, the outlined model works excellently.
Least-squares fits were performed, which included simulta-
neously both the dc susceptibility data and the positions of
the peaks M1, M2, and M3. This yielded the best-fit parame-
ters D =�3.63(4) cm�1, J=�9.60(7) cm�1, g1 = g3 =2.062(3),
g2 = 1.94(1), and l=�0.39(1) molcm�3. The Mn g factor
seems to be a bit large. However, no good fit could be ob-
tained when the g factor was fixed to a value of 2.0 or slight-
ly below. The simulated dc susceptibility, INS, and FDFT
THz-EPR spectra are shown in Figures 2a, 4b, and 5. Obvi-
ously, they are in very good agreement with the experiment.
We attempted also fitting with an E term to yield E=

0.0(2) cm�1 (i.e. , within statistical significance the ligand
field is purely uniaxial). From l one deduces Jint =

�0.034 cm�1 and a N�el temperature of TN = 1.7 K. From
the FWHM of the dip M1 in the FDFT THz-EPR spectra, a
D strain of only 2.4 % can be deduced. The magnitudes of
the J and D parameters are, as expected, similar to those ob-
tained for 2. However, notably, the intermolecular coupling
Jint is lower by an order of magnitude. Dipolar couplings are
too small to account for the observed Jint ; however, weak in-
tertrimer superexchange pathways were identified in 2 in
ref. [15d].[15d] The reduced strength of these interactions in 1
as compared to 2 is consistent with the larger intertrimer
distances in 1.

With the best-fit parameters, the energy spectrum shown
in Figure 7a is calculated. Here, black arrows and labels
mark transitions that are allowed in both EPR and INS,
whereas gray arrows and labels mark transitions that are
only allowed in INS. The bare numbers indicate the transi-
tion energies in units of cm�1; the values in square brackets
give the change in the total spin quantum number S be-
tween the initial and final state of the transition, DS=Si�Sf

with hi Ŝ
2

���
���ii and similarly for Sf. The top of the energy barri-

er lies at 18 cm�1, which is significantly larger than the acti-
vation barrier deduced from the ac susceptibility measure-
ments. A reduced activation barrier is frequently observed
in SMMs due to tunneling through excited states.[21,22]

Figure 7b shows simulations of the peak positions and in-
tensities for both the FDFT THz-EPR and INS experiments.
In full agreement with experiment, in the FDFT THz-EPR
spectra only, transition M1 is prominent at low tempera-

tures, whereas in INS all transitions are present. The simula-
tions suggest that feature m5’ should appear in FDFT THz-
EPR and INS at elevated temperatures as it corresponds to
the transition from the first to the second excited state of
the S= 5=2 ground multiplet. However, the signal-to-noise
ratio at these low energies does not permit the observation
of this feature in FDFT THz-EPR. We further note that in
the FDFT THz-EPR spectra M3 is weakly present, although
it is an intermultiplet transition. The selection rules are
strictly valid only if S is a good quantum number, but the
noncommuting terms in the spin-Hamiltonian Equation (1)
(anisotropies and nonidentical g factors) give rise to S
mixing,[23] hence the spin-selection rules hold only approxi-
mately. However, clearly, the dominant peaks are the spin-
allowed transitions.

Conclusion

We have presented the first study of a new SMM by FDFT
THz-EPR. A spin-Hamiltonian parameterization of the
FDFT THz-EPR data, consistent with INS as well as ac/dc
susceptibility measurements, was made. The comparison of
FDFT THz-EPR and INS spectra allows for the unambigu-
ous discrimination between intermultiplet and intramultiplet
transitions, which enables a strong validation of the model
as well as the interpretation. Further, in the FDFT THz-
EPR spectra we find two nonmagnetic features, which we
attribute to phonons. Replacing terminal water ligands by
methanol ligands significantly reduces intermolecular anti-
ferromagnetic interactions and gives clearer SMM proper-
ties.

Figure 7. a) Calculated energy spectrum of Hamiltonian Equation (1)
using the best-fit parameters given in the text. Black arrows indicate
EPR and INS active transitions; gray arrows are INS-only transitions.
Numbers in square brackets indicate DS. b) Simulated peak positions and
intensities in the FDFT THz-EPR (top) and INS (bottom) spectra for
different temperatures.
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Experimental Section

Synthesis of 1: A solution of (NEt4)3[Cr(CN)6] (300 mg, 0.5 mmol) in
methanol (50 mL) was added to a solution of [Mn(5-Brsalen) ACHTUNGTRENNUNG(H2O)]PF6

(310 mg, 0.5 mmol) in methanol (150 mL) without stirring. The resulting
solution was kept in the dark for 1 day to yield dark-brown crystals of 1
(>80%) suitable for single-crystal X-ray diffraction. The crystals were
kept in contact with the mother liquor to prevent deterioration. Elemen-
tal analysis calcd (%) for C48H52Br4CrMn2N11O6: C 42.4, N 11.3, H 3.85;
found: C 42.2, N 11.3, H, 3.7.

X-ray crystallography : Single crystals were obtained according to the
procedure given in the synthesis section. Single-crystal X-ray diffraction
data were collected at 122 K using a Nonius KappaCCD area-detector
diffractometer with MoKa radiation (l =0.71073 �) and equipped with an
Oxford Cryostreams low-temperature device. The structures were solved
using direct methods (SHELXS97) and refined using the SHELXL97
software package.[24] All non-hydrogen atoms were refined anisotropical-
ly, whereas hydrogen atoms were fixed. Crystal structure data for com-
pound 1 are provided in Table 1.

CCDC-755224 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

FDFT THz-EPR spectroscopy: Measurements were carried out on a
pellet of 1 at the dedicated THz beamline at the BESSY II storage ring,
Berlin, Germany. To make the pellet, microcrystalline powder (110 mg)
was finely ground to avoid Mie scattering. It was mixed with Teflon
powder and pressed using a weight of 200 kg. Linearly polarized THz ra-
diation was coupled out from the ring, passed through an FTIR spec-
trometer (Bruker IFS 125 HR, resolution set to 0.2 cm�1), and sent
through the pellet mounted in a cryostat (Oxford Spectromag 4000-11)
equipped with an 11 T superconducting magnet. The transmitted intensi-
ty was detected by a liquid-helium-cooled bolometer. If not stated other-
wise, transmission spectra were obtained from the raw data by dividing
by a spectrum taken at a higher temperature (reference spectrum). This
procedure is justified as the magnetic features in molecular nanomagnets
are strongly temperature-dependent, contrary to the background in the

raw data that arises from fringing effects and the spectrum of the incident
THz radiation. Details of the data treatment can be found in ref. [10].

Inelastic neutron scattering (INS): Spectra were collected using the time-
of-flight spectrometer IN5 at the Institut Laue-Langevin, Grenoble,
France. Nondeuterated crystalline powder (about 2 g) was loaded into a
10 mm-diameter, double-wall, hollow aluminum cylinder. A standard ILL
Orange cryostat was used for temperature control. The wavelength of the
incident neutrons was 3.8 �; experimental resolution at the elastic line
was 1.4 cm�1. Spectra were recorded at temperatures of 1.5, 6, and 15 K,
and summed over momentum transfers of 1.25–1.75 ��1.

Magnetic susceptibility measurements : Magnetic susceptibility was mea-
sured using a Quantum-Design MPMS-XL SQUID magnetometer. Dc
measurements were conducted in an applied field of 100 mT; ac suscepti-
bility was measured for frequencies in the range of 50–1500 Hz and ac-
field amplitude of 0.3 mT and zero dc field. The susceptibility was cor-
rected for diamagnetic contributions by means of the Pascal constants.
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