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High performance single-molecule magnets,
Orbach or Raman relaxation suppression?†

Alejandro Castro-Alvarez,a Yolimar Gil,b Leonel Llanosa and Daniel Aravena *a

The current figure of merit to evaluate Single Molecule Magnet (SMM) performance is the blocking temp-

erature (TB). The best SMMs show TB values close to liquid nitrogen boiling point (77 K) while their Orbach

effective demagnetization barriers (Ueff ) are significantly larger, exceeding 2000 K in some cases. As

current high performance SMMs approach the axial limit, new strategies to suppress demagnetization by

vibrational tuning have been suggested. In this article, we analyse a set of 17 current high performance

SMMs to identify which demagnetization mechanism is limiting the blocking temperature. For the best

systems (TB > 50 K), the limiting mechanism is thermally assisted tunneling and the blocking temperature

will depend on the exponential parameters Ueff and τ0. Strategies focusing on Raman (vibrational) sup-

pression are expected to have a limited effect for this group. In contrast, systems with lower blocking

temperatures (TB < 50 K) would benefit from such strategies, although they are not expected to surpass

current record TB values. The Orbach limit for the blocking temperature can be conveniently estimated

using ab initio CASSCF methods. Finally, a recent proposal for a hypothetical high performance SMM is

analysed under the presented framework, showing its potential to improve record blocking temperatures.

Introduction

Single Molecule Magnets (SMMs) are intensely studied due to
their potential application as molecular devices for infor-
mation storage and processing. Like a bit from a Hard-Disk
drive, SMMs can retain their magnetic moment direction in
the absence of a magnetic field.1,2 Unfortunately, magnetic
blocking is limited to cryogenic temperatures due to demagne-
tization mechanisms which induce spin relaxation.

Nowadays, spin dynamics in single molecule magnets is
understood as a complex phenomenon,3–12 occurring by paral-
lel mechanisms involving electronic and vibrational character-
istics of the SMM and the interaction with its environment.
From the temperature dependence of the relaxation time (τ),
three main relaxation regimes are normally observed: (i) a
temperature independent region at low temperature, which is
associated with quantum tunnelling demagnetization invol-
ving only the ground (pseudo-) doublet. (ii) A region displaying
power dependence of τ concerning temperature, normally

assigned as Raman relaxation and (iii) exponential depen-
dence of τ, commonly observed in the high temperature
region. Although this regime is usually associated with Orbach
relaxation, it is important to note that other demagnetization
mechanisms can also lead to exponential dependence of τ,
such as thermally assisted quantum tunnelling.

In a strict sense, Orbach and Raman relaxation refer to two-
phonon mechanisms.13 In the case of Orbach mechanism, one
excited state inside the phonon continuum mediates relax-
ation and yields an exponential dependence of τ(T ). Raman
mechanism requires nonzero matrix elements for the crystal
potential between relaxing states (first-order Raman) or the
existence of a third state connecting them (second-order).
State energies from contemporary high-performance SMMs are
well above any estimation of the phonon continuum, yet an
exponential dependence of τ(T ) is usually observed in the high
temperature range. As said earlier, the observation of an expo-
nential regime for τ(T ) does not necessarily imply that the clas-
sical Orbach mechanism is the main source of relaxation
under these conditions. However, it is common practice to
name the exponential regime as Orbach and we follow this
convention.

The key parameters related to SMM performance have
evolved to account for this complexity. Some years ago, the
most important figure of merit for an SMM was the effective
demagnetization barrier (Ueff ), obtained from the fit of the
temperature dependence of the relaxation time to an
Arrhenius law. In this way, Ueff provides information about the
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exponential relaxation regime, without consideration of other
sources of demagnetization. Currently, a more informative
parameter is the blocking temperature (TB),

14–16 defined as the
temperature where relaxation time coincides with the charac-
teristic time of the experiment.17 There are some variants on
the exact definition of TB: (i) the maximum in the zero-field
cooled (ZFC) magnetic susceptibility curve, (ii) the temperature
at which τ = 100 s and (iii), the maximum temperature where
an open hysteresis is observed.17

Nowadays, there is no consensus about the best way to
measure the blocking temperature. The definition of TB with
respect to a reference relaxation time (e.g. τref = 100 s) is trans-
parent but arbitrary at the same time. In principle, a large TB
can be obtained if τref is chosen to be fast. The condition of an
open hysteresis to set TB is criticized because this approach is
strongly dependent on the field sweep rate. Significantly
higher TB values can be obtained by choosing a fast sweep
program. The definition based on ZFC/FC experiments is a
popular approach to obtain TB. However, the blocking tempera-
ture measured in this way should be sensitive to the temperature
program applied for the measurement.17 Unfortunately, these
technical details are not always present in publications, and it is
hard to know how comparable are blocking temperatures from
different studies. Despite these complications, TB displaced Ueff

as the relevant figure of merit to evaluate SMM performance.
Comparing Ueff and TB values, it is evident that the effective

demagnetization barrier is not an accurate predictor of TB
since complexes with similar values of Ueff can display strongly
dissimilar blocking temperatures.18 Some of the latest high-
performance SMMs surpass 2000 K in their energy barriers,
although the record blocking temperature is significantly
lower (80 K, determined by hysteresis measurements).19

As the Orbach barrier is not the central quantity anymore,
new strategies focusing on the suppression of spin-vibration
coupling have emerged as alternative ways to improve SMM
properties without necessarily rising Ueff. Chemical strategies
to achieve this objective include ligand stiffening to minimize
atomic displacement for the magnetically relevant atoms, sym-
metry tuning to cancel spin-vibration coupling and detuning
of electronic and vibrational energy levels.20 Another strategy
that might influence vibrational displacements is the use of
high pressure. However, this effect will be simultaneous to
ligand field modification so the vibrational effect is expected
to be hard to isolate.21,22 Commonly, chemical modifications
designed for Raman and Orbach suppression will differ.
Chemists must decide which strategy is the most promising
before embarking in a laborious and resource-consuming syn-
thetic project.

In this article, we analyse a set of 17 literature examples of
high-performance SMMs to determine the potential of Raman
and Orbach tuning for the rise of their blocking temperatures.
We determine which systems are expected to improve by
vibrational tuning and which should be more insensitive.
Ab initio calculations are employed to estimate the Orbach
limit for the blocking temperature, showing that current com-
putational methodologies are suitable to provide sensible pre-

dictions regarding this parameter. Finally, we analyse a recent
proposal for a hypothetical high performance SMM, providing
an estimate for its maximum potential blocking temperature.

Results and discussion

Table 1 presents a set of current high performance SMMs, all
featuring Ueff > 600 K and τ = 100 s blocking temperatures
(TB,100) ranging from 2 K to 67 K. Some systems have a tunnel-
ling relaxation time faster than 100 s, so TB cannot be defined
and is limited by the tunnelling mechanism. For these cases
(10–14, 16, 17), we define the tunnelling limited blocking
temperature TQT = 0, remaining molecules are limited by other
mechanisms and thus, TQT = ∞. Equalizing the Raman (CTn)

and Orbach exp �Ueff

T

� �
=τ0

� �
terms to τ−1 = 0.01 s−1 allows

to define the Raman and Orbach limiting temperatures, TRa
and TOr, respectively. Temperature dependent relaxation rate is
represented by the expression:

1
τ
¼ 1

τ0
exp �Ueff=Tð Þ þ CTn þ 1

τQT
ð1Þ

where the tunnelling term is omitted for 6, 7, 8 and 15 since
τQT was not fitted in their original publications. Despite the
simplicity of this analysis, valuable information can be
obtained by comparing the three limiting temperatures.
Interestingly, there is no predominant mechanism determin-
ing TB since there are examples where the lowest limiting
temperature is associated with tunnelling, Raman and Orbach
mechanisms (highlighted in bold).

Importantly, the limiting mechanism for best SMMs (TB >
50 K, complexes 1, 2, 3, 4, 7 and 9) is predominantly Orbach.
Even in the cases where TRa < TOr (i.e. complexes 1, 3 and 9),
the difference between these two parameters is small. Thus,
suppression of Raman relaxation will only lead to a modest
increase in TB and tuning of Orbach parameters is necessary
to obtain SMMs with higher blocking temperatures. To esti-
mate the maximum increase of TB,100 due to complete Raman
suppression, we reconstructed the τ−1 curve neglecting the
Raman term:

1
τ
¼ 1

τ0
exp �Ueff=Tð Þ þ 1

τQT
ð2Þ

Table 2 shows the “Raman free” blocking temperature
(TB,100,noR), showing that the increase of the blocking tempera-
ture is at most 7 K for TB > 50 K systems. On the other hand,
Raman limited systems are of course sensitive to the suppres-
sion of this mechanism and will greatly benefit from
vibrational tuning. From the studied systems, 5, 6, 8 and 15
featured a maximum increase of TB of 41 K, 45 K, 32 K and
24 K due to Raman neglection. Despite these significant
improvements, TB,100,noR values do not surpass blocking temp-
eratures for the Orbach limited group. In practice, it is unlikely
to achieve complete suppression of Raman relaxation.
However, even a partial hindrance of this mechanism can sig-
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nificantly rise the blocking temperature of this group. In sum,
the potential of vibrational tuning strategies to improve TB will
depend on the limiting mechanism, which can be easily deter-
mined from experimentally adjusted fitting parameters.

Comparing TRa and TOr, we observe the Raman limiting
temperature is normally similar or lower than TOr. A notable
exception is complex 4, where the Raman limiting temperature
is 161 K, much higher than the Orbach (65 K). This complex is
a highly sterically encumbered dysprosocenium [Dy{Cp(iPr)5}2]
derivative, with a high Cp–Dy–Cp angle of 162.1°. Other deriva-
tives presented in the same study show how chemical
functionalization of cyclopentadienyl rings can modify metal–
ligand vibrational modes and consequently, vibrational
demagnetization parameters.23

Among the strategies to suppress Raman relaxation, current
proposals point to the identification key vibrational modes
with high spin-vibrational coupling,9,20 ligand stiffening23 and
vibrational detuning.3 A recent study highlights the impor-
tance of suppressing intermolecular interactions to reduce
spin-phonon coupling associated with acoustic modes since

the low energy region of the phonon spectrum seems to
account for a substantial contribution in Raman relaxation.33

An example of trends in Raman limited systems is the study
of Giansiracusa et al.18 Authors presented an empirical corre-
lation between the relaxation time measured at the switching
temperature between Raman and Orbach mechanisms (named
τswitch) and the blocking temperature. The correlation is
related with Raman contribution to relaxation rate since most
blocking temperatures that afford this trend are limited by this
mechanism. Comparing τswitch values allows to have a clean
comparison of the Raman contribution for each case since the
Orbach contribution is equal to the Raman term precisely at
this point. Relaxation times at other temperatures will have a
non-systematic contribution from the exponential term, spoil-
ing the correlation.

Summing up, we observe that the Orbach limiting tempera-
ture (TOr) acts as higher limit for the achievable TB and is close
to it when other relaxation mechanisms are not dominant. For
dysprosocenium derivatives (1–5, 7), TOr values span a rela-
tively narrow interval (between 60 K and 72 K), in the range of
the observed record blocking temperatures. In this way, TOr
itself becomes an interesting parameter for the identification
of candidate SMM with high TB. In the next section, we evalu-
ate the possibility of calculating TOr directly from ab initio
methods.

Setting the exponential term to be equal to the reference
temperature (e.g. 100 s). (exp(−Ueff/TOr)/τ0 = 1/τref ), the Orbach
limiting temperature can be expressed as:

TOr ¼ � Ueff

ln
τ0
τref

� � ð3Þ

Recently, we presented a model that provides estimates for
the ground and excited-state tunnelling times.34 In conjunc-
tion with ab initio state energies, the model was employed to

Table 1 Relaxation parameters, blocking temperatures, tunnelling, Raman and Orbach limiting temperatures for a set of high-performance SMMs.
Experimentally adjusted relaxation parameters (τ0, Ueff, C, n, τQT) were obtained from corresponding references. TB,100 corresponds to the tempera-
ture where τ = 100 s. Complexes 10–14, 16 and 17 do not have TB,100 since their tunneling relaxation time is already lower than 100 s. All tempera-
tures are expressed in K

Chemical formula Ueff/K τ0/s τQT/s C/s−1 K−n n TB,100 TQT TRa TOr Ref.

1 [Dy(Cp(Me)5)(Cp(iPr)5)][B(C6F5)4] 2217 4.20 10−12 25 000 3.10 10−8 3 67 ∞ 69 72 19
2 [Dy{Cp(iPr)4(Me)}2][B(C6F5)4] 2112 4.01 10−12 2452 1.57 10−6 2.07 64 ∞ 69 68 23
3 [Dy{Cp(iPr)4(Et)}2][B(C6F5)4] 1986 7.79 10−12 447 3.36 10−8 3.02 59 ∞ 65 66 23
4 [Dy{Cp(iPr)5}2][B(C6F5)4] 1922 1.18 10−11 1187 8.04 10−8 2.31 65 ∞ 161 65 23
5 [Dy{Cp(iPr)4}2][B(C6F5)4] 1848 3.39 10−12 439 2.27 10−5 2 19 ∞ 21 60 23
6 [Dy(OtBu)2(py)5][BPh4] 1815 1.17 10−12 — 1.00 10−6 3.77 12 ∞ 12 57 24
7 [Dy(Cpttt)2][B(C6F5)4] 1760 1.99 10−11 — 4.29 10−6 1.88 57 ∞ 62 60 25
8 [Dy(Dtp)2][Al{OC-(CF3)3}4] 1760 2.00 10−12 — 3.16 10−4 1.1 24 ∞ 23 56 26
9 [Tb(CpiPr5)2] 1734 2.46 10−11 642 9.69 10−18 8.69 53 ∞ 53 60 27
10 [Dy(LN6)(Ph3SiO)2](BPh4) 1124 1.52 10−11 0.016 0.014 2.95 — 0 1 38 28
11 [Dy(LN6)(Ph3SiO)2](PF6) 1080 1.96 10−11 0.025 0.34 2.32 — 0 0 37 28
12 [Dy(LN6)(2,4-di-tBu-PhO)2](PF6) 973 3.17 10−12 0.003 0.37 2.5 — 0 0 31 28
13 [Dy(OtBu)Cl(THF)5][BPh4] 950 3.00 10−12 1.4 2.10 10−6 4.6 — 0 6 31 7
14 [Dy(bbpen)(tpo)2][BPh4] 944 1.73 10−12 0.64 3.88 10−4 3.69 — 0 2 30 29
15 [DyImDippNCl2(THF)3] 803 1.4 10−12 — 8.6 10−4 4 2 ∞ 2 25 30
16 [(NNTBS)DyI(THF)2] 771 8.20 10−11 0.01 0.21 2.24 — 0 0 28 31
17 [DyLON3(C5H10NS2)2] 638 2.99 10−12 0.017 0.02 3.24 — 0 1 20 32

Table 2 Modification of the blocking temperature (τ = 100 s criterion)
by neglection of the Raman term (TB,noR)

Chemical formula TB,100 TB,100,noR ΔTR

1 [Dy(Cp(Me)5)(Cp(iPr)5)][B(C6F5)4] 67 72 5
2 [Dy{Cp(iPr)4(Me)}2][B(C6F5)4] 64 69 5
3 [Dy{Cp(iPr)4(Et)}2][B(C6F5)4] 59 66 7
4 [Dy{Cp(iPr)5}2][B(C6F5)4] 65 65 0
5 [Dy{Cp(iPr)4}2][B(C6F5)4] 19 60 41
6 [Dy(OtBu)2(py)5][BPh4] 12 57 45
7 [Dy(Cpttt)2][B(C6F5)4] 57 61 4
8 [Dy(Dtp)2][Al{OC-(CF3)3}4] 24 56 32
9 [Tb(CpiPr5)2] 53 60 7
15 [DyImDippNCl2(THF)3] 2 26 24
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calculate tunnelling relaxation times and non-trivial demagne-
tization pathways for high-performance SMMs. The same
information can be used to derive meaningful Orbach limiting
temperature values. Ten complexes from Table 1 were selected
for calculations, which molecular structures are presented in
Fig. 1.

To check if thermally assisted tunnelling relaxation is prop-
erly accounted, we calculated the effective demagnetization
pathways for all complexes based on our recent model.34 In a
nutshell, the effective demagnetization barrier is defined con-
sidering all state energies and their contributions to the tun-
nelling rate, following the equation:

UeffðTÞ ¼
XM
i¼1

kiðTÞ
ktotðTÞEi ð4Þ

where M is the number of Kramers’ doublets, ktot(T ) and ki(T )
are the total relaxation rate and the rate of state i, respectively
and Ei is the energy of state i. At very low temperature, only the
ground state is populated and Ueff = 0. At higher temperatures,
excited states will have a larger contribution to the total rate,
Ueff will rise and reach a plateau representing the effective
demagnetization barrier consistent with the Arrhenius law.
Fig. 2 presents calculated effective barriers for two contrasting
cases: (i) complex 1, which shows two excited states contribut-
ing to the barrier where the dominant is the fifth excited
doublet (1919 K) and the secondary is the fourth excited state
(1676 K). Remaining states do not contribute significantly,
yielding Ueff = 1893 K (see Fig. 2 left). This value is reasonably
close, although a bit lower than the experimental barrier
(2217 K). (ii) Complex 17 has the lowest barrier of the group
(638 K). CASSCF calculations are in nice agreement with

Fig. 1 Molecular structures for CASSCF calculations. Colour code: green (Dy), Cl (pink), S (orange), P (yellow), O (red), N (blue), C (grey), H (white).
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experiment (649 K) and predict the participation of three
excited states at 626 K, 668 K and 707 K in thermally assisted
quantum tunnelling. Remaining demagnetization pathway cal-
culations are presented in Fig. S1.†

For all cases, calculated barriers agree with experiment (see
Fig. 3, left and Table S2†), confirming the adequacy of this
methodology to account for thermally assisted tunnelling
demagnetization in the studied systems. Regarding ground
state tunnelling relaxation times, Fig. 3, right shows the corre-
lation between experimental and calculated values, where
ab initio relaxation times tend to be systematically slower than
experiment. This bias was already observed for systems with
relatively slow tunnelling times34 and might be related to the
neglection of other sources of tunnelling demagnetization
beyond interelectronic dipolar coupling. Despite this bias, the
agreement between theory and experiment is satisfactory.

Having confirmed the accuracy of the method for the calcu-
lation of Ueff, we now focus on τ0. From modern approaches

Fig. 2 Effective demagnetization barrier including relative contributions from the ground state (GS) and seven lowest excited states (EX n). For 1
(left) and 17 (right).

Fig. 3 Relation between experimental and calculated effective demagnetization barriers (left) and ground state tunnelling times (right). Data for
these plots is available in Table S2.†

Fig. 4 Relation between the CASSCF calculated Ueff and experimental
TOr. Ueff is divided by 28 to account for the Orbach prefactor τ0.
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aiming for the theoretical prediction of relaxation
times,3,4,9,20,25,35 τ0 must be the result of a potentially complex
relaxation dynamics governed by the corresponding Master
Equation. From a mechanistic point of view, τ0 will be affected
by state mixing given by spin-phonon coupling and by energy
exchange with the environment. In principle, current efforts in
the direction of suppressing vibration mediated relaxation
could also have a positive impact on enhancing τ0 since both
phenomena should depend on similar factors. A deeper under-
standing of the factors determining τ0 is an interesting open
challenge in this field.

Under this perspective, the accurate prediction of τ0 seems
like an extremely complicated task. Fortunately, we only
require a rough estimation of this parameter to obtain decent
theoretical values for TOr due to the logarithmic dependence
of eqn (3) with respect to τ0. From typical τ0 values ranging
from 10−11–10−12 s and τref = 100 s, the denominator of eqn (3)
will be around 28. This number can serve as a rule of thumb
for the Ueff/TOr ratio and explains the contrast between current
record Ueff (circa 2000 K) and TB (around 70 K) as 2000/
70 = 28.6. Reasonably similar Ueff/TOr ratios have been
employed in literature to estimate potential blocking tempera-
tures from effective barriers.36 Fig. 4 shows the relation
between an estimation of TOr obtained from the CASSCF Ueff

divided by 28 and TOr calculated from experimentally fitted
Ueff and τ0. Expectedly, the agreement is satisfactory since the
calculated barriers are accurate and the Orbach prefactors do
not vary much among the studied systems.

Finally, a recent proposal for a high performance SMMs is
analysed in terms of its potential blocking temperature. Liu
et al.30 synthesized complex 15, which combines an imido
ligand with a very short Dy–N distance (2.12 Å), chlorine and
THF ligands. This complex has a relatively high blocking
barrier of 803 K despite having a weak ligand (THF) along the
highly repulsive axis determined by the imido ligand. Authors

propose the diimido ligand as a candidate for a high perform-
ance SMM with Ueff > 4000 K, according to CASSCF calcu-
lations. To check the potential of this hypothetic complex
under the framework of this paper, a model structure for the
diimido candidate was constructed by replicating the crystallo-
graphic geometry of the imido ligand of 15 through a centre of
inversion at the Dy position. In this way, calculations were per-
formed on a system with perfect Ci symmetry. In reality, the
positive charge of the complex will require the crystallization
of a counter anion and some distortion is expected, as in the
case of dysprosocenium systems. In any case, the idealized
model should be adequate for an approximate estimation of
the potential of a diimido SMM. Fig. 5 shows the demagnetiza-
tion pathway plot for this complex. The calculated effective
barrier is 3761 K, dominated by the fifth excited state at
3814 K and a minor contribution of the fourth state at 3570 K.
Thus, the Orbach limiting temperature should be around
134 K. This number must be interpreted as an upper limit for
the blocking temperature since Raman relaxation is wholly
neglected and can lower TB significantly. Despite this caution,
this complex looks promising since its Orbach limiting temp-
erature is 60 K higher than the typical values for dysprosoce-
nium derivatives.

Conclusions

There is no predominant relaxation mechanism determining
the τ = 100 s blocking temperature for current high barrier
SMMs, as tunnelling, Raman and Orbach limited examples
were found in the studied molecule set. However, blocking
temperatures for molecules with TB,100 > 50 K are mainly
limited by the Orbach mechanism. For these systems, Raman
relaxation suppression will improve TB,100 only modestly. In
this way, it is advisable to focus on Ueff tuning for this group.

Fig. 5 Left: Molecular structure of the hypothetical diimido-Dy SMM. Color code: green (Dy), blue (N), grey (C), white (H). Right: effective demagne-
tization barrier including relative contributions from the ground state (GS) and seven lowest excited states (EX n). For the proposed diimido complex.
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Raman limited molecules can benefit from chemical tuning
oriented towards vibrational suppression, as their blocking
temperatures are expected to increase up to 40 K. However,
they are not expected to surpass current record TB,100 values.
CASSCF calculations provide accurate estimates for the Orbach
limiting temperature, providing a higher limit for the achiev-
able blocking temperature. The presented framework can be
employed to spot candidate molecules for high TB,100 SMMs
for both real and hypothetical systems.

Methods

All ab initio calculations were performed using the ORCA 4
software.37 To obtain an accurate representation of the mag-
netic anisotropy of lanthanide complexes, we selected the
CASSCF + QDPT method. This approach is the standard com-
putational procedure to model monometallic SMMs since it
allows for inclusion of spin–orbit coupling interaction between
multireference wave functions. In a nutshell, the CASSCF +
QDPT method has two steps: (i) A CASSCF calculation38 to con-
verge spin-free wave functions, normally accounting for scalar
relativistic effects described by the DKH2 Hamiltonian39,40 and
(ii) the QDPT step, where the spin-free wave functions serve as
basis of a state interaction matrix for the spin–orbit coupling
operator. Eigenvalues and eigenvectors of this matrix are the
relativistic energies and wave functions. CASSCF active space
considered the 4f shell (9 electrons and 7 orbitals) with 21, 224
and 490 sextet, quartet and doublet roots, respectively. Dy
basis set was SARC2-QZVP41 and light elements were described
by a recontracted version of the Def2-TZVP basis set.42

(DKH-Def2-TZVP keyword in ORCA).
For the calculation of tunnelling relaxation times τQT, we

employed a recently proposed model based on spin dipolar
relaxation.34 This methodology was recently implemented in a
user friendly software package (named UandTau). The
program can be obtained free of charge upon request to the
author. A description of the procedure to obtain τQT and an
input example are presented as ESI.† This model considers
spin-Hamiltonian parameters from ab initio calculations and
takes into account the molecule orientation in the crystal with
respect to its neighbours. This method allows for the calcu-
lation of tunnelling relaxation times for each Kramers’
doublet, including ground and excited states. As different
Spin-Hamiltonian parameters will characterize each doublet,
τQT values will be different among states. Doublets with faster
demagnetization will determine the relaxation pathway of the
system. The total relaxation time is the sum of individual τQT
values for each doublet, weighted by their Boltzmann popu-
lations at a given temperature.
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