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Spectroscopic determination of crystal field
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We have investigated the crystal field splitting in the archetypal lanthanide-based single-ion magnets and
related complexes (NBug)*[LnPc,] ™ -2dmf (Ln = Dy, Ho, Er; dmf = N,N-dimethylformamide) by means of
far infrared and inelastic neutron scattering spectroscopies. In each case, we have found several features
corresponding to direct crystal field transitions within the ground multiplet. The observation of three
independent peaks in the holmium derivative enabled us to derive crystal field splitting parameters. In
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Introduction

The use of lanthanide ions for preparing novel mono- or poly-
nuclear clusters that display slow magnetization dynamics
(single-molecule magnets, SMMs) has enjoyed exponentially
increasing interest during the last decade." This interest arose,
because Arrhenius fits of the temperature dependence of the
relaxation time often yield much larger effective energy barriers
for lanthanide than for (polynuclear) transition metal based
systems. Thus the highest reported energy barrier is only 84 K
for transition metal cage complexes, while values of almost
1000 K have been reported for lanthanide-based systems.>™* In
spite of these much larger energy barriers, most lanthanide
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lanthanide-based single-molecule magnets.

complexes show virtually no magnetic hysteresis, and, indeed,
slow relaxation is often observed only in applied dc magnetic
fields. Clearly, for the envisaged application of magnetic data
storage, magnetic bistability is an essential prerequisite. A
second issue is that the data points in the Arrhenius plot of In 7
vs. T ' (r, T are the relaxation time and temperature, respec-
tively) typically lie on a straight line over a much smaller range
of relaxation times than observed for transition metal cage
compounds. Indeed, of the possible relaxation mechanisms,
including direct relaxation, quantum tunnelling, Raman relax-
ation and Orbach relaxation, only the last has an exponential
temperature dependence.’ The Orbach process of spin relaxa-
tion is a two-phonon process that proceeds via a real interme-
diate state, which is an excited crystal field state in lanthanide
ions.” Hence, the role of the crystal field in the magnetization
relaxation is unclear,*® and very few experimental data on the
direct determination of the crystal field splitting in lanthanide-
based SMMs have been reported.”™* From the theoretical side,
currently, two avenues are being pursued. First of these is the
computationally convenient semi-empirical method based on
crystal field parametrisation. Secondly, ab initio CASSCF-based
methods, which are computationally more challenging, but do
not involve fitting to experimental data, have been very
successful.”® In order to assess the correctness and predictive
powers of these theoretical methods, as well as improvement of
the same, spectroscopic data are indispensable. Experimental
information on the crystal field (CF) splitting in lanthanide
compounds is typically obtained from optical spectroscopies,
such as electronic absorption, luminescence, or magnetic
circular dichroism spectroscopies, which allow direct determi-
nation of CF splittings of ground and excited multiplets by
observation of the splittings of peaks due to ff
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Fig.1 Crystal structure of the compounds (NBu4)*[LnPc,] ™ - 2dmf with
carbon in grey, nitrogen in blue, lanthanide ions in green and oxygen in
red. The inversion centre is in the middle of the image.

transitions.'»**'*” However, for the first and now archetypal
lanthanide SMMs, the complexes [LnPc,]"”~ (Tb, Dy, Ho; H,Pc
= phthalocyanine),"”® such data are not accessible. This is
because the UV/Vis/NIR region of the electromagnetic spectrum
is dominated by the phthalocyaninate ligand, whose absorp-
tions are many orders of magnitude stronger than those due to
ff transitions. Hence, other experimental methods have to be
resorted to, including inelastic neutron scattering
(INS),*011:17:19.20 gnd far infrared (FIR) spectroscopies.>"**

Here we present an experimental study of the crystal field
splitting of the compounds (NBu,)'[LnPc,] -2dmf (1Ln, Ln =
Dy, Ho, Er; dmf = N,N-dimethylformamide, Fig. 1), of which the
former two are SMMs. We did not include the terbium deriva-
tive, because no spectral features in the accessible energy range
are expected. We employ FIR and INS spectroscopies to directly
observe crystal field transitions within the ground Russell-
Saunders multiplets. In addition, we report CASSCF-based
calculations of the CF splittings. We derive CF splitting
parameters from the measurements and compare experimental
and theoretical electronic structures.

Results and discussion
Structures and symmetries

Upon recrystallization from dmf with added hydrazine, the
complexes (NBu,)'[LnPc,]” -2dmf of the later lanthanides (Gd-
Yb) all crystallize in the space group P1, where the inversion
centre is between two molecules (Fig. 1 and Table S1}).>* Hence,
the site symmetry is C;. Describing the crystal field splitting by
means of the CF spin Hamiltonian, written in terms of extended
Stevens operators,*®

+k
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up to 27 CF parameters could be included. Fortunately, the
idealized symmetry is very close to D,q. Thus, for 1Ho, the
distances between metal ion and coordinating nitrogen atom
are all virtually the same at 2.41 4 0.01 A. The angle between the
two planes defined by the four coordinating nitrogen atoms of
each ligand is 0.59°, where 0° would be expected for fourfold
symmetry. The skew angles between the two ligands, defined as
the angles between the two planes formed by Ho and two of the
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coordinating nitrogens of one ligand and Ho and two of the
coordinating nitrogens on the other ligand are 45 + 1°, where
for D,q 45° would be expected. These parameters are very
similar to those published for (NBu,)'[HoPc,] -H,O (Table
S27).>* In D,q symmetry there are only three CF-parameters, and
this is the Hamiltonian that we have used for fitting of the
experimental data of 1Ho:

For 1Dy and 1Er an insufficient number of peaks was
observed to allow direct determination of crystal field parame-
ters, given that for three parameters at least three transition
energies need to be determined (see below).

Direct current (dc) and alternating current (ac) magnetic
susceptibility

The magnetic susceptibilities of powder samples for all
complexes were measured, the results for 1Dy, 1Ho and 1Er are
shown in Fig. 2. The x,,T values at room temperature (13.58,
13.76 and 11.63 cm® K mol ', for 1Dy, 1Ho and 1Er, respec-
tively) are very close to values expected for the Russell-Saunders
ground multiplets for these ions in the absence of crystal field
splitting (14.17, 14.07, 11.48 cm® K mol *),%* and quite close to
those previously published.” The decrease in x,,T values
towards lower temperatures is due to depopulation of the
microstates of the ground multiplets (°Hyss, °Is, “Iy5/2, for Dy,
Ho, Er, respectively) that are split due to the crystal field of the
surrounding ligands.

At the temperatures (T > 1.8 K) and frequencies (v < 1500 Hz)
available to use, only 1Dy displays measurably slow relaxation of
the magnetization (Fig. S11). The temperature dependence of
the relaxation time 7 at a given temperature is extracted from
the maxima of the out-of-phase component of the ac suscepti-
bility (x'"), where the following relation holds t = (27tv,.) *. The
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Fig. 2 DC magnetic susceptibility temperature product (x,7) as a
function of temperature for 1Dy, 1Ho, and 1Er (symbols), measured
with a static magnetic field of 1000 Oe, as well as simulations based on
crystal field parameters obtained from CASSCF/RASSI calculations
projected on an effective angular momentum ground multiplet (lines).
The theoretical energies were scaled by the following factors 0.68
(1Dy), 1.31 (1Ho), or 1.27 (1Er), see text.
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effective energy barrier towards relaxation of the magnetic
moment was determined from the Arrhenius equation (r =
7o exp(AE/kT)) to be AE = 34 + 1 cm™ " This value is very similar
to that obtained by Ishikawa on an unknown phase of the
material (AE = 31 cm ™).

(NBu,)'[DyPc,] - 2dmf (1Dy)

We have studied 1Dy by means of both far-infrared (FIR) and
inelastic neutron (INS) spectroscopies (Fig. 3 and S2-S6t). The
normalised FIR spectra display distinct zero field features
(normalised transmission < 1) at 32.8 cm ™', while application of
an external field shifts the spectral density to higher energies
(normalised transmission > 1). In the INS spectrum, one peak,
whose width clearly exceeds the instrumental resolution, is
observed at 37 cm ™. The apparent discrepancy between the two
values is due to the field normalisation procedure in the FIR
spectra: The shift of the spectral density to higher frequencies
on increasing the field leads to a shift of the frequency position
of the minimum in the normalised transmission spectra to
lower frequencies. The disappearance of the 37 cm ™" INS-peak
at higher temperatures, as well as the essentially flat Q-depen-
dence of the scattering intensity at low Q (Fig. S41) both indicate
its magnetic origin. We assign the peaks in both FIR and INS
spectra to a single transition from the ground Kramers' doublet.
The observed transition energy of ca. 37 cm ™ agrees rather well
with the energy gap (35 cm™') between the |m;> = |£13/2>
ground and |£11/2> excited Kramers' doublets, predicted by
Ishikawa et al.,*® on the basis of fits of powder susceptibility
measurements (Fig. 4). Recent calculations, based on an effec-
tive point charge parameterisation of crystal field theory also
yield a very similar lowest energy gap of 42 cm™"' (Fig. 4)."
Interestingly, the ground and excited Kramers' doublets are
inverted. The excitation energy (37 cm™?) is higher than the

energy barrier towards relaxation of the magnetic moment of
1
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Fig. 3 (top) Far-infrared spectra normalised by division by the highest
field (6 T) spectrum, recorded on a 10 mm pressed powder sample of
1Dy at 10 K and different fields as indicated. (bottom) Inelastic neutron
scattering spectrum recorded on ca. 1.8 g of 1Dy at an incident
neutron energy of 16 meV and temperatures as indicated, integrated
over the momentum transfer range 0 = Q = 2 A%,
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Fig. 4 Energy level diagram for 1Dy, as derived by Ishikawa et al.,2®
Gaita Arifio et al.** and from CASSCF calculations reported here, with
values rescaled by 0.68. The red line indicates the experimental tran-
sition frequency.

dependence of the relaxation time determined by ac suscepti-
bility measurements. Here we now demonstrate that there is
indeed a crystal field state close to the experimentally observed
energy barrier. Hence, it is likely that the Orbach process, which
is by no means to be automatically invoked to describe spin
relaxation in lanthanide ions,® indeed plays a role in 1Dy. The
discrepancy between the two values indicates additional
processes must play a role in the spin relaxation in 1Dy. At
higher energies, additional features are observed (Fig. S5 and
S67), whose attribution is more difficult since at higher energy
transfers, the diagnostic low momentum transfer range is not
experimentally accessible. The fact that similar high-energy
features are observed for 1Ho appears to preclude their attri-
bution to CF transitions.

To further investigate the crystal field splitting we have
carried out CASSCF calculations, using the experimental
geometry, with the seven 4f-orbitals as active space.’® These
calculations find that the ground doublet is predominantly |+
13/2>: 0.93|£13/2> + 0.31|£15/2> + 0.21|£11/2>, while the first
excited state is predominantly |+11/2>: 0.91|£11/2> + 0.34|£9/
2>+0.21|+13/2>. (Tables S4-S61) To assess the effect of charges
further away (i.e. neighbouring molecules in the lattice) five
layers of point charges were included into the calculation. This
led to changes of the order of maximally 10% in the energies
(Table S47). The resulting calculated energy gap is 52.3 cm ™",
which is clearly larger than that found in experiment. On one
hand, it must be noted that the lowest energy gap decreases
from 75.6 to 52.3 cm ™! going from a double zeta to triple zeta
basis set, and hence for a bigger basis set it can be expected that
this trend continues and a splitting closer to the experimental
one would be obtained. Unfortunately, the use of a quadruple
basis set is precluded by available computational resources,
given the large size of the system. On the other hand, however,
there is a potential experimental reason for this discrepancy,
because the calculations were based on the crystal structures
determined at around 100 K, and the structure may be slightly
different at the temperatures employed for the FIR
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measurements. We have therefore carried out further calcula-
tions on 1Dy, where we have varied the interligand distance by
4+0.05 A (Table S71). These calculations show that the changes
in the energies are of the order of the discrepancies between
calculated and experimental data. Also the direction of the
energy shifts does not depend monotonously on the interligand
distance. The calculated g-tensors of the lowest doublet do not
vary greatly, showing that the wavefunctions do not change
significantly. Unfortunately, for the systems under study here,
no low-temperature crystal data are available. The FIR spectra
and dc susceptibility can be simulated well using the CF
parameters found in the CASSCF calculations (Fig. 2 and S7-
S9t). Here we have used a semi-empirical scaling factor of 0.68
to account for effects of the necessarily limited size of the
employed basis sets, unaccounted dynamical correlation and
possible deviations of low-temperature structure from the high-
temperature one used in the calculations. Simulations based on
CF parameters reported in literature are given for comparison
(Fig. S8t).142¢

(NBu,)'[HoPc,] ™ - 2dmf (1Ho)

Fig. 5 and $107 display high-resolution (0.12 cm™") FIR spectra
up to 100 cm ™', while slightly lower resolution (1 cm ') spectra
up to 200 cm ™! can be found in Fig. S11.1 In both spectra, two
distinct field-dependent peaks are observed at 19 + 1 cm™ " and
53.3 + 0.1 cm " (features pointing downward). At higher ener-
gies two further peaks are observed at 92 and 189 cm™". The
temperature dependence of the FIR transmission spectra
(Fig. 6) reveals two ground state features at 16 and 53.6 cm ™",
attributed to the same transitions as the field dependent peaks
found at similar energies (Fig. 5, S10 and S11%). Peaks at the
same energies are also observed in the INS spectra at low Q
(Fig. 6 and S12-S14t). Ishikawa et al. find the lowest two CF
excited quasi-doublets at 15 and 82 cm™',*® while Gaita-Arifio
et al. find quasi-doublets at 25 and 31 cm™~'.** Interestingly, the
temperature normalised FIR spectra (Fig. 6) show a peak
pointing downward at 73 cm™ ', which must therefore involve
increased spectral density at higher temperatures and is thus
attributed to a transition from the first excited quasi-doublet at
ca. 19 ecm ™", This attribution is corroborated by the observation
of a small peak at 92 = 19 + 73 cm™ .

Using the five crystal field transitions that we have observed,
we can fit the three CF splitting parameters of eqn (2) to the
corresponding energies (Table 1). In the fit procedure, we have
assumed that the ground doublet is |£5> (note that the my
functions are the eigenstates in D,q symmetry). Inspection of
Table 1 and Fig. S151 shows that the found parameters and
resulting energy spectrum are quite different from those
previously reported.***® Intriguingly, all parameter sets give
excellent fits of the magnetic susceptibility (Fig. S16t). This
finding demonstrates that SQUID curves alone do not provide a
reliable estimate of the CF splitting. Simulations (Fig. 5, S11 and
S177) of field- and temperature-normalised FIR spectra on the
basis of the three derived CF parameters are in excellent
agreement with the experimental data. In contrast, simulations
based on CF parameters reported in literature are not nearly as
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Fig. 5 Experimental FIR spectra recorded on a pressed powder
sample of 1Ho at 10 K and different magnetic fields as indicated, as well
as simulations based on CF parameters (A) derived in this work
assuming a |+5> ground doublet; (B) derived in this work assuming a
|£6> ground doublet; (C) derived from CASSCF calculations, after
rescaling of the energies of the states by 1.31; (D) reported by Gaita
Arifio;** (E) reported by Ishikawa.?®
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Fig. 6 (top) FIR spectra recorded on a pressed powder sample of 1Ho
at 0 T and different temperatures as indicated. All spectra have been
normalised by division by the 5 K spectrum. (bottom) INS spectrum
recorded on a 2.4 g powder sample of 1Ho at 5 K and an incident
neutron energy of E; = 12.5 meV. The spectrum was integrated over a
Qrange of 0 = Q = 2 A~ Grey (black) dashed lines indicate the energy
levels calculated by CASSCF methods for 1Ho before (after) applying a
scaling factor of 1.31.
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Table 1 CF Splitting parameters (10~ cm™?) found in this work for
1Ho, compared to reported values#2¢

CF splitting  This work This work

term GD = |£5> GD = |+6>  Ishikawa Gaita-Arino
B —257.8 —1244 —848.9 —446.7

BY, 6.00 7.90 6.50 5.90

B — — — 0.788
32 —0.0305 —0.0116 —0.0543 —0.0200
B — — — 0.0457

good, proving that spectroscopic data provide a much better
means of assessing the correctness of CF parameters than
magnetic data. However, assuming a |+6> rather than a |£5>
ground doublet leads to almost equally good fits of suscepti-
bility, magnetization and FIR (Fig. 5, S11 and S17t) demon-
strating that FIR and INS spectroscopic measurements alone do
not allow unequivocal determination of the -eigenstates
(Fig. $197).

To gain further insight into the CF of 1Ho, we have carried
out CASSCF calculations similar to those performed for 1Dy,
again including five layers of point charges to simulate the
effect of neighbouring molecules on the CF splitting, and also
examining the effect of small distortions of the molecule on the
energy spectrum (Tables S8-S111). The energy level diagram
obtained from the spectroscopic data (Fig. S15t) is very well
reproduced by the CASSCF calculations assuming a scaling
factor of 1.31. Again the direction of the scaling is in agreement
with the energy changes going from a double to a triple zeta
basis set. The calculations find that all microstates of the
ground multiplet are heavily mixed. In part, this can be
explained by the fact that holmium has an integer angular
momentum quantum number and, not being subject to
Kramers' theorem, twofold degeneracy is not necessarily
maintained. In practice, the calculations find energy splittings
of up to about 1 ecm™' between pairs of states that can be
considered quasi-doublets. In addition, the compositions of the
wavefunctions strongly depend on the choice of quantisation
axis, where the highest g value direction of the ground micro-
state was chosen. This direction is quite far from the pseudo C,
axis, something that is also found in single crystal SQUID
measurements.”® On the basis of the CF parameters derived
from the CASSCF calculations excellent fits of the field- and
temperature dependence of the FIR spectra as well as of the dc
susceptibility are obtained (Fig. 2, 5, S11, S17 and S20-522%).

(NBu,)[ErPc,] - 2dmf (1Er)

Fig. 7 displays field-normalised far-infrared spectra recorded on
1Er (see also Fig. S23f). Two features can be observed, one
located at 74 cm™ in zero field, and a second one at low ener-
gies, which only appears within the spectral window at fields
larger than 3 T. On application of an external magnetic field, a
clear splitting of the high-frequency line can be observed. In
accordance with the energy level diagram reported by Ishikawa
et al.,”>® we assign the higher frequency zero-field peak to the

This journal is © The Royal Society of Chemistry 2014
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Fig. 7 (left, top) Experimental normalised FIR spectrum recorded on a
powder sample of 1Er at 10 K and different magnetic fields as indi-
cated; (left, bottom) simulation on the basis of CF parameters derived
from CASSCF calculations, assuming a scaling factor of 1.27. (right)
Energy level diagram of 1Er for magnetic fields perpendicular to the
quantisation axis obtained by CASSCF calculations, with the same
scaling factor, with the experimental transition energies as red
symbols, the intra-ground-doublet transitions as blue and the inter-
doublet transitions as green lines.

transition from the ground Kramers doublet |+1/2> to the first
excited doublet |+3/2>, while the lower frequency peak is
attributed to the transition |—1/2> to |+1/2> within the ground
doublet. This assignment is supported by CASSCF calculations
(Tables S12-5157), according to which the ground doublet has
99% |+1/2> character, and the first excited doublet 98% |+3/2>
character. The low frequency transition moves into the FIR
spectral range at moderate fields, due to the large g, value of
the ground doublet, which is expected to be g, = 9 for a pure
|£1/2> ground Kramers doublet. Indeed X-band EPR measure-
ments (Fig. S2471) on 1Er display a single resonance with g, =
9.59 (g} was not observed). From the FIR measurements a g
value for the ground doublet of g¢ = 9.01 is obtained. Using this
ground doublet g value and the observed splitting of the high-
frequency line, the effective g value of the excited multiplet was
determined to be almost zero, in accordance with the CASSCF
calculations. The found zero-field energy gap between |+1/2>
and |+3/2> of 74 cm ™" is clearly smaller than that derived by
Ishikawa (102 cm™'). The energy gap found from CASSCF
calculations (Table S107) is 58.7 cm™", which is rather smaller
than the experimentally found transition energy, and a scaling
factor of 1.27 is applied to match experimental and calculated
transition energies. Use of the CF parameters derived from the
CASSCEF calculations (Table S111) once more yield an excellent
simulation of the experimental FIR spectra and susceptibility
data (Fig. 2, 7 and S257).

Experimental

The compounds 1Ln were synthesized via a modified literature
procedure (see ESIt).”> Magnetic susceptibility measurements
were carried out on a Quantum Design MPMSXL7 SQUID
magnetometer. The diamagnetic correction of the measured

Chem. Sci., 2014, 5, 3287-3293 | 3291
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susceptibility was carried out by using the measured suscepti-
bility of (NBuy)'[YPc,]™ -2dmf, taking into account the differ-
ence in lanthanide ion through Pascal's constants.

Far infrared spectra were recorded on a Bruker 113v FTIR
spectrometer equipped with a mercury vapour light source and
an Infrared Laboratories pumped Si bolometer. Samples were
attached to a sample holder inserted into an 8T Oxford Instru-
ments Spectromag 4000 optical cryomagnet. The sample holder
permitted in situ changing between an aperture and the sample,
which allowed recording absolute transmission spectra.
Samples were prepared as 10 mm pressed powder pellets, using
ca. 25 mg of sample. To identify the relevant features, spectra
were normalised by division by the spectrum at highest field or
lowest temperature. The high frequency FIR spectrum (T = 4.2
K) of 1Ho was recorded on a Bruker IFS 66v/s FTIR spectrometer
with globar source, where the sample was placed inside an 11 T
solenoid magnet, with a composite bolometer detector element
located inside the magnet.

INS spectra were recorded on the MARI spectrometer at ISIS,
Rutherford Appleton Laboratory, Didcot, UK. Samples were
placed between cylindrical aluminium inner and outer cans to
fully exploit the beam cross section, while preventing multiple
scattering.

For crystal field calculations, as well as susceptibility and FIR
simulations, the energy levels were calculated by means of the
easyspin toolbox for Matlab.*® These were then used to calculate
the susceptibility by means of the Van Vleck equation. FIR
spectra were calculated by convoluting transition energies and
Boltzmann-weighted transition probabilities with the appro-
priate lineshape function.

CASSCEF calculations were performed by using the MOLCAS
7.8 program package,* where the computational strategy has
been described.”® Spin free wavefunctions were calculated by
means of CASSCF methods, using the seven 4f-orbitals as active
space. The geometries were taking from the crystal structures
and not optimised. Spin-orbit multiplets were calculated in a
second step in a RASSI calculation. Finally, the obtained ener-
gies and wavefunctions were projected onto the ground Russell-
Saunders multiplet to extract m; compositions of the micro-
states and crystal field splitting parameters. The obtained
energies were semi-empirically scaled by the following factors
0.68 (1Dy), 1.31 (1Ho), or 1.27 (1Er) to match the experimentally
observed transition energies. Hence absolute accuracies were in
the range 10-20 cm ™. See ESIT for further details.

Conclusions

We have carried out some of the first inelastic neutron scat-
tering and the first far infrared spectroscopic investigations of
lanthanide-based single ion magnets. These techniques have
allowed us to directly observe crystal field excitations within the
ground Russell-Saunders multiplets. We have also calculated
the electronic structures of these multiplets by means of
CASSCF calculations. Through simulations of the magnetic
susceptibility data as well as the spectra we find that suscepti-
bility measurements do not allow discrimination between
different crystal field parameter sets. We show that published
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crystal field parameters for the molecules under study do not
always reproduce the true electronic structures. Hence spec-
troscopic data are indispensable for the refinement of crystal
field theory parameterisations. Finally, we find that the agree-
ment between experimental spectra and those calculated by
CASSCF-based methods is astoundingly good. A scaling factor
for the CASSCF energies was to take into account the effects of
changes in molecular structure between the temperature at
which these structures were determined, and the temperatures
of the spectroscopic measurements. In addition, these scalings
may account for the necessarily limited size of the employed
basis sets, unaccounted dynamical correlation and possible
deviations of low-temperature structure from the high-temper-
ature one used in the calculations. We believe that the interplay
of CASSCF calculations and spectroscopic methods such as far-
infrared and inelastic neutron scattering spectroscopy will
continue to prove very fruitful for the understanding of the
electronic structures and hence the magnetic properties of
lanthanide complexes, including single molecule magnets.
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