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Pressure-Induced Structural, Optical and Magnetic
Modifications in Lanthanide Single-Molecule Magnets
Fabrice Pointillart,*[a] Boris Le Guennic,[a] and Olivier Cador[a]

Lanthanide Single-Molecule Magnets are fascinating objects
that break magnetic performance records with observable
magnetic bistability at the boiling temperature of liquid nitro-
gen, paving the way for potential applications in high-density
data storage. The switching of lanthanide SMM has been
successfully achieved using several external stimuli such as
redox reaction, pH titration, light irradiation or solvation/
desolvation thanks to the high sensitivity of the magnetic
anisotropy to any structural change in the lanthanide surround-
ing. Nevertheless, the use of applied high pressure as an

external stimulus is largely underused, especially considering
that it can be combined with high pressure X-ray diffraction to
establish a complementary structure-property relationship. This
Concept article summarizes the few relevant examples of
investigations of lanthanide SMMs under applied high pressure,
provides conclusions on the effect of such stimulus on
molecular structures and magnetic anisotropy, and finally draws
perspective on the future development of magnetic measure-
ments under applied pressure.

Introduction

Lanthanide ions are intensely studied because of their particular
magnetic characteristics (high magnetic moment and strong
magnetic anisotropy) and their specific luminescence. The latter
is easily recognizable with the line-shape emission bands
ranging from the visible to near-infrared spectroscopic spec-
trum. Such optical properties open applications for instance in
the elaboration of OLEDs,[1] bioimaging sensors,[2] time-resolved
luminescent immunoassays[3] or imaging microscopy.[4] The
former were exploited in the conception of Single-Molecule
Magnets (SMMs)[5] having potential applications in high density
magnetic data storage due to their magnetic bistability.[6] SMMs
could be also suitable candidates for other applications such as
quantum computing[7] and spintronics.[8] Especially, the use of
lanthanide ions in the SMM design has enabled us to determine
the highest performance currently available, with the observa-
tion of magnetic memory close to the boiling point of liquid
nitrogen for high axial dysprosocenium cations[9] and their
derivatives,[10] divalent terbium metallocene[11] and mixed-
valence dysprosium dimer.[12] Since the first discovery of slow
magnetic relaxation for a lanthanide mononuclear complex,[13]

the level of understanding of their magnetic behavior has been
improved thanks to structure-properties relationship investiga-
tions demonstrating the predominant role of the crystal field
effect/electronic distribution on the magnetic anisotropy[14] as
well as the matrix nature and molecular vibrations[15] on the

magnetic relaxation rate. Such studies highlighted the high
sensitivity of the lanthanide magnetism to any structural
changes making them ideal candidates for designing molecular
switches. As recently reviewed, the SMM behavior switching
can be achieved using redox reaction, pH variation, solvation/
desolvation process or light irradiation.[16] The application of
pressure is a promising alternative stimulus to those mentioned
above for inducing a switch in magnetic behavior. The
monitoring of structural modifications under high pressure for
molecular systems, thanks to the advances in pressure cell
technology,[17] is one of the major recent advances that allows
magneto-structural correlations. High pressure was already
used to induce polymerization,[18] color change[19] and solvation/
desolvation,[20] to switch molecular conductivity,[21] spin-cross-
over behavior,[22] magnetic ordering temperature for organic[23]

and coordination complexes[24] or even to tune the photo-
magnetic response.[25] Among these pressure-induced magnetic
behaviors, the spin crossover phenomenon was undoubtedly
the most studied and has called upon a plethora of under-
pressure characterization techniques. Indeed, pressure induced
spin crossover has been monitored by magnetic susceptibility
measurements thanks to clamp-type piston-cylinder pressure
cell,[26] in multiferroics by Raman spectroscopy,[27] in Perovskite
by synchrotron powder X-ray diffraction[28] and in metal-organic
framework by 57Fe Mössbauer.[29] Optical properties has also
been monitored under applied pressure in absorption[30] and
emission[31] in coordination compounds.

To focus on SMM switching,[32] high pressure was mainly
applied on manganese-based SMMs[33] to modulate their
magnetic performances. All the previously mentioned switching
physical properties on the high-pressure effect were carried out
on transition metal compounds while similar experiments on
lanthanide molecular systems are very rare.

The present Concept article aims to review the few main
examples of magnetic and X-ray diffraction investigations of
lanthanide SMMs under applied pressure. After general con-
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clusions about the knowledges acquired from such experi-
ments, we suggested perspective directions to develop this
challenging research field which is still in its infancy.

Results and Discussion

The first work of applied pressure on lanthanide SMM discussed
in this review is an ab initio computational study.[34] Indeed this
approach has already demonstrated is effectiveness in describ-
ing and understanding both structural and electronic
properties.[35] The aim of this work was to be able to control the
direction of the anisotropy axis by applying pressure. To do so,
the authors selected the {Na[Dy(DOTA)(H2O)] · 4H2O} (1)
(H4DOTA=1,4,7,10-tetraazacyclododecane-1,4,7,10-N,N’,N”,N’’’-
tetraacetic acid) complex based on their previous calculations
which showed that the first excited Kramers doublet (KD) is
close in energy to the ground KD with magnetic anisotropy axis
perpendicular to the one of the ground state.[36] Their results
demonstrated that by applying pressure to lanthanide molec-
ular magnetic systems, detectable changes in magnetic aniso-
tropies could be achieved, such as the rotation of the magnetic
anisotropy axis direction.

Nevertheless, contrary to what was expected, the rotation of
the apical water molecule has negligible effect on the magnetic
anisotropy while both crystal field strength i. e. modulation of
the Dy� O distances under applied pressure and Madelung
potential played a major role.

In 2019, J. Overgaard and coll.[37] reported the first
quantitative experimental investigation of applied pressure
effect on lanthanide SMM. The target systems were mono-

nuclear complexes of Dy(III) (2)[38] and Ho(III) (3)[39] with formula
[(tBuPO(NHiPr)2)2Ln(H2O)5][I]3 · (tBuPO(NHiPr)2)2 · (H2O) which crys-
tallized in the centrosymmetric triclinic space group P-1. The
Ln(III) center adopted a pseudo-D5h symmetry with five water
molecules coordinated in equatorial positions while the two
axial positions are occupied by two phosphonic diamide
ligands. The single-crystal X-ray diffraction study under applied
pressure demonstrated that the two analogues undergo two
phase transitions at 0.5 GPa and 1.4 GPa. Between these two
pressures the systems crystallized in monoclinic space group I2/
a while for pressure higher than 1.4 GPa the crystallization takes
place in monoclinic space group P21/c. The existence of phase
transitions prevented any comparison of the cell parameters
when gradually applying pressure. Nevertheless, the most
important point for interpreting the magnetic behavior remains
the local environment of the lanthanide center. In this respect,
the degree of deformation of the D5h symmetry polyhedron
increased with increasing pressure. At ambient pressure, 2
displayed a magnetic bistability with steps in the hysteresis
loops in the 4–12 K temperature range indicating fast relaxation
Quantum Tunneling of Magnetization (QTM). Applying pressure
at fixed temperatures of 4 K, 8 K and 12 K induced hysteresis
loops getting narrower with a raise of the step intensities close
to 0 Oe indicating a more efficient QTM. Ab initio calculations
revealed significant variations in the energy barrier in relation
to the modulation of the Ln� O distances and the axial O� Ln� O
angle. Finally, on the basis of their computational study, the
authors suggested that intermolecular interactions (Madelung
constants) may play a predominant role in the variations of
electronic energy levels which is in agreement with what was
theoretically proposed for 1.
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Phase transition induced by applied pressure is often
observed as attested by another study done again by J.
Overgaard on the five-coordinated unsolvated [Dy-
(Mes*O)2(THF)2Br] (4) SMM (Mes*= 2,4,6-tri-tert-butylpenhyl)
(Figure 1a).[40]

The latter crystallized in the triclinic space group P-1 with a
Dy(III) center in a distorted trigonal bipyramidal geometry
formed by the two anionic aryloxide ligands (Mes*O), two THF
molecules and one bromide. The phase transition was identified
for pressure weaker than 0.08 GPa as well as for T inferior to
258 K. The high-pressure single-crystal X-ray diffraction was
investigated up to 2.92 GPa with an initial pressure of 0.08 GPa.
All the unit cell lengths decreased as expected, with a 17%
reduction in cell volume at 2.92 GPa compared with the initial
pressure (Figure 1b). More interesting was the distortion of the
coordination sphere around the Dy(III) ion induced by the
applied pressure and evaluated by the SHAPE program.[41] In
fact, the phase transition led to a change of surrounding
symmetry from C4v to D3h while between 0.08 GPa and the
highest pressure, no significant variation in bond length, angle
and symmetry was observed. The computational investigation
confirmed that the nature, energy and composition of the KD
did not change under pressure. Similar conclusions were drawn
for the magnetic anisotropy and dipolar interaction. Never-
theless, measurable broadening in the hysteresis loops were
observed with opening values at 5 kOe increasing from
2.11 kOe at 0 GPa to 3.61 kOe at 1.11 GPa. The authors pointed
out the difficulties to measure the ac frequency dependence of
the magnetic susceptibility due to the BeCu out-of-phase
background ac signal. Indeed, as the BeCu pressure cell is
conductive, it generated eddy currents leading to a strong
temperature independent but frequency dependent in-phase
and out-of-phase AC signal. Thus the AC signal collected at 25 K
for the BeCu pressure cell was subtracted from the correspond-
ing data of the investigated sample leading to clean χM’ and χM’’
signals of the sample. Nevertheless such treatment is suitable
for frequencies <500 Hz because at higher frequencies, eddy
currents become too large and the AC signal becomes too
distorted to be exploited.[42] The pressure dependence of the
relaxation time in the 18–44 K temperature range was estab-

lished demonstrating a pressure-independent behavior of the
Raman process for 4. Since no significant variation in the bond
lengths of the first coordination sphere was observed under
applied pressure, no significant modification of the Orbach
process was expected. The slight broadening in the hysteresis
loop at non-zero magnetic fields could be due to the partial
cancellation of the QTM induced by intermolecular dipolar
interactions. Indeed, the applied pressure slightly modifies the
Dy� Dy distance that might influence the dipolar interactions.

In the same year, J. Overgaard in collaboration with a
research group at the University of Manchester reported
another experimental and theoretical study of the pressure
dependence of structural and magnetic behavior.[43] This
investigation was carried out on the dysprocenium complex of
formula [Dy(Cpttt)2][B(C6F5)4] (5) (Cpttt =1,2,4-tri(tert-
butyl)cyclopentadienide) (Figure 2a) which is one of the best
performing SMM reported to date.[9a] High-pressure crystallog-
raphy revealed significant intramolecular distortions with
increasing pressure. Indeed, the distance between the centroid
of the Cpttt and the Dysprosium center decreases from 2.32(1) Å
(at 0 GPa) to 2.26(7) Å (at 3.52 GPa) with rings more planar.
Concomitantly the dysprosium moved away from the molecular
center. These two structural distortions were expected to have
an opposite effect on the magnetic axiality of 5. Magnetic
measurements at ambient pressure exhibited an open hyste-
resis loop up to 66 K at zero field and a sweep rate of 22 Oe s� 1.

The combination of direct current magnetization decay and
alternating current magnetic susceptibility measurements led
to the thermal dependence plot of the relaxation time. The best
fit demonstrated that Orbach, Raman and QTM regimes are
dominating for T>60 K, intermediate temperature and T<10 K,
respectively. Similar magnetic investigations were carried out
under applied pressure. At 1 GPa and high temperature (Orbach
regime), hysteresis loop measurements showed no significant
change while at low temperature, the loss of magnetization is
consistent with an increase of the QTM and/or Raman relaxation
rate. To confirm this trend, the authors fitted the thermal
dependence of τ from ambient pressure to 0.37 GPa high-
lighting a decrease in both Raman and QTM rates while for
higher pressures, relaxations appeared to become faster (Fig-
ure 2b) as observed on hysteresis loops. Finally, the authors

Figure 1. (a) Molecular structure of 4. (b) The variation of the normalized
unit cell parameters in the pressure range of 0.08-3 GPa. Adapted with
permission from ref. [40]. Copyright 2023, American Chemical Society.

Figure 2. (a) Molecular structure of 5. (b) Thermal variation of the relaxation
time (τ) for 5 at ambient pressure (gray plots), 0.37 GPa (green plots),
0.79 GPa (blue plots) and 1.2 GPa (red plots) with the corresponding best
fitted data at zero applied magnetic field. Adapted with permission from ref.
[43]. Copyright 2023, Royal Society of Chemistry.
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performed ab initio calculations to rationalize their observa-
tions. The electronic structure is unaffected by the pressuriza-
tion from 0 to 1.01 GPa whereas for higher pressures, it was
suggested that the relaxation occurred through the 5th KD
(1250 cm� 1) at 1.5 GPa or the 4th (1125 cm� 1) at 3.08 GPa.

In 2017, M.-L. Tong and coll. reported the first bifunctional
complex involving both piezochromism and SMM behavior.[44]

To realize such a system, the aggregation-induced emission
active ligand 2-methoxy-6-[[[4-(1,2,2-
triphenylvinyl)phenyl]imino]-methyl]phenol (HTPEIPOMe) was as-
sociated with a Dy(III) ion leading to the formation of a
dinuclear compound of formula [Dy2(HTPEIPOMe)2(OAc)4(NO3)2]
(6). Single-crystal X-ray diffraction study revealed that 6 crystal-
lized in the triclinic P-1 space group. Each Dy(III) ion is
coordinated to two HTPEIPOMe ligands, four μ-OAc� anions and
two chelating NO3

� . The coordination sphere around the Dy(III)
ion is nine-coordinated, surrounded by nine oxygen atoms and
has adopted a distorted single-capped square-antiprismatic
geometry. The initial color of the crystal is yellow and no
change of color was observed after grinding. Nevertheless,
under an applied pressure of 0.5 GPa, the crystalline sample
turned orange while the initial color could be recovered after
solvent fuming with acetonitrile vapor. The piezochromism
phenomenon was confirmed by UV-visible diffuse reflectance
and photoluminescence with a shift of the absorption band
from 475 nm to 630 nm as well as a shift of the emission band
from 593 nm to 603 nm. Thanks to the help of powder X-ray
diffraction, the authors attributed the piezochromism to
morphology transition from the crystalline state (ambient
pressure) to amorphous state (under applied pressure).[45] More-
over 6 displayed a SMM behavior in zero applied magnetic field
with slow magnetic relaxation occurring through a combination
of QTM, Raman and Orbach processes. Upon applied pressure,
no significant change was observed in the temperature regime
of the Raman and Orbach processes while the maximum of the
out-of-phase component of the magnetic susceptibility shifts to
higher frequency at 2 K. Such observation indicated a modu-
lation of the QTM rate under applied pressure.

The second example of piezochromic SMM was reported in
2023 by our research team.[42] The investigation was carried out
on the well-known [162Dy(tta)3(L)] · C6H14 (7) (tta� =2-thenoyltri-
fluoroacetonate and L=4,5-bis(propylthio)-tetrathiafulvalene-2-
(2-pyridyl)benzimidazole-methyl-2-pyridine)) complex for which
structural, magnetic and isotopic enrichment studies were
already reported.[45] One of the original aspects of this work is
the use of pure 162Dy isotope as metal center. Indeed such
dysprosium isotope possesses a zero nuclear spin (I=0)
prohibiting any hyperfine coupling between electronic and
nuclear spins. The ambient pressure X-ray structure revealed
the formation of a mononuclear coordination complex in which
the Dy(III) ion is surrounded by one L ligand and three tta�

ancillary ligands leading to a N2O6 coordination sphere with a
D4d square antiprism symmetry with a deviation of 0.54 from
the ideal symmetry (SHAPE analysis).[35]

Cell volume compression is close to 20 % at 2.43 GPa with
the a and b axes being the most affected. A look at the first
coordination sphere of the metal center reveals inhomoge-

neous deformation of the eight Dy� X distances, four of which
are compressed (3.3 %) while the other four remain almost
unchanged (0.2%). As a result, the deviation from the ideal D4d

symmetry increases from 0.54 to 0.65. Applying an external
pressure increased the electron withdrawal effect due to the
electrostatic interaction with the Dy(tta)3 moiety, resulting in a
decrease of the energy of the LUMO and hence a red shift of
the corresponding Intra Ligand Charge Transfer (ILCT) and a
reversible color change from orange (0 GPa) to purple (P>
1.17 GPa) (Figure 3c). The SMM behavior of 7 was previously
investigated.[46] Pressurization preserved the slow magnetic
relaxation but the frequency maximum at 2 K was shifted from
15 Hz (0 GPa) to 50 Hz (1.17 GPa) (Figure 3b). High pressure
thermal dependence of the magnetic susceptibility measure-
ments allowed the extraction of the relaxation time and the
determination of the relaxation through a combination of QTM,
Raman and Orbach processes. The increase of pressure led to a
decrease of the effective energy barrier from 35 K (0 GPa) to
21 K (1.17 GPa) as well as an increase of the QTM efficiency
from 0.0082 s (0 GPa) to 0.0034 s (1.17 GPa). Both trends are in
agreement with the distortion of the coordination sphere
around the Dy(III) center. The pressure effect on the dynamic
magnetic properties was found reversible (Figure 3b). . External
pressure tended to close the butterfly hysteresis loop in field at
2 K with an opening of 650 Oe for 0 GPa and 400 Oe for
1.17 GPa at 1000 Oe (Figure 3c) due to the increase of efficiency
of the under-energy barrier relaxation processes. Playing with a
pure isotopologue ruled out the role of the hyperfine coupling
in the existence of QTM, but the later may also be due to both

Figure 3. (a) single crystal X-ray structure of 7 recorded in the pressure range
0–2.43 GPa: P=0 GPa (black), P= 0.22 GPa (purple), P=0.46 GPa (green),
P= 1.17 GPa (red), P= 1.63 GPa (yellow), P= 2.10 GPa (yellowish) and
P= 2.43 GPa (orange). (b) Frequency dependence of χM” in the temperature
range 2–14 K for 7 under P=0 GPa, P=0.31 GPa, P= 1.17 GPa and back to
P= 0 GPa in zero applied magnetic field. The full vertical line is guide to the
eye only. (c) Magnetic hysteresis loops at 2 K and a sweep rate of 16 Oe s� 1

for 7 at 0 GPa (green) and 1.17 GPa (red) with the single crystal of 7 in the
crystallographic pressure cell at the corresponding pressure values. Adapted
with permission from ref. [42]. Copyright 2023, Wiley-VCH Verlag GmbH &
Co. KGaA Weinheim.
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intra- and intermolecular origins.[43,46f] We therefore decided to
investigate the high pressure dc magnetic properties of the
diluted [162Dy0.05Y0.95(tta)3(L)] ·C6H14 (7@Y) isotopologue. The
variation in the opening of the hysteresis loop for 7@Y is mainly
related to the intramolecular structural modification induced by
the applied pressure, since both hyperfine and dipolar
interactions are cancelled. For low applied pressures (P<
0.55 GPa) the opening at 600 Oe increases from 450 Oe (0 GPa)
to 590 Oe while it decreases for stronger pressures (520 Oe at
1.04 GPa). Ab initio calculations rationalized this behavior by
applying a weak pressure evidencing the enhancement of the
axiality of the GS and of the energy barrier. On the contrary, at
higher pressures, the value of the energy barrier decreases from
98.8 cm� 1 at ambient pressure to 40.2 cm� 1 at 3 GPa and the
transverse components of the g factor increase, favoring QTM
efficiency. In conclusion the degradation in magnetic perform-
ance under applied pressure is due to the decrease of the
Orbach efficiency in favor of under-barrier processes and the
combination of magnetic investigations of 7 and 7@Y has led
to the conclusion that magnetic modulation under pressure has
both intermolecular dipolar and intramolecular structural
origins. Finally, we could imagine using the reversible piezo-
chromism phenomenon as a sensor for pressure magnetic
modulation.

Summary and Outlook

As demonstrated in this Concept article, lanthanide complexes
that act as SMMs are suitable for studies under high pressure. In
particular, their single crystal X-ray diffraction and slow
magnetic relaxation can be monitored as a function of applied
pressure. Moreover, the modulation of physical properties
performances can be streamlined by computational ap-
proaches. Although a very limited number of studies have been
undertaken so far, initial conclusions can be expressed to
underline the potential of such measurements with lanthanide
SMMs.
– High applied isostatic pressure (up to 3.6 GPa) is able to

induce significant structural changes, which can be moni-
tored by single-crystal X-ray diffraction study. Structural
deformations are not homogeneous and strongly depend on
the nature of chemical bonds and intermolecular contacts in
the crystal structure.

– Ab initio calculations can be performed in tandem with
(periodic) DFT optimization to rationalize or even predict
structural deformations and their impact on physical proper-
ties such as magnetic behavior.

– Structural distortions and variations in electronic distribution
due to the applied pressure are sufficiently strong to induce
some magnetic anisotropy switching, leading to a deterio-
ration in magnetic performance. The latter is due to an
increase in the efficiency of under-barrier relaxation proc-
esses. The most affected magnetic relaxation process is the
QTM due to its sensitivity to any transverse component of
the magnetic anisotropy tensor.

– Discrimination between the intra- (distortion of the coordina-
tion sphere) and inter-molecular (dipolar interaction and
interaction with the matrix) origins of the pressure-magnetic
modulation can be established by studying the nuclear spin
free metal isotope (I=0) and its magnetic dilution. For the
studied compounds, both origins contributed to the mag-
netic modulation, with a more preponderant effect for
structural changes in crystal packing.

– A piezochromic effect was observed for lanthanide SMMs
involving a ligand whose absorption transition lies in the
visible spectrum, for instance a push-pull ligand. These
molecular systems could therefore be used as optical sensors
of magnetic performance.

– When probed, the reversibility of magnetic and optical
switching when pressure is released was observed.
Given that the field of pressure-magnetic switching is still in

its infancy, investigations and technical improvements are
required to develop and understand it.
– The effect of pressure on the magnetic relaxation of

lanthanide complexes is limited to a single metal ion (mainly
dysprosium) but the exploration of a complete series of
complexes involving several lanthanides would be useful to
elaborate a magneto-structural correlation and rationalize
the pressure effect as a function of the oblate/prolate and
Kramers/non-Kramers character of the metal center.

– High pressure single-crystal X-ray diffraction experiments
should be carried out at low temperature to establish
optimum magneto-structural correlation, as slow magnetic
relaxation is often observed at cryogenic temperatures.

– Increasing the applied pressure values accessible for non-
synchrotron X-ray diffraction and magnetometry measure-
ments is crucial to improving magnetic switching since the
significant effect on electronic properties is expected for P
>5 GPa as shown by calculations.

– The pressure cell matter and design need to be improved to
enable AC magnetic measurements at higher frequencies
than 500 Hz while a transparency pressure cell would open
the route to possible photo-magnetism such as pressure
photo-induced spin crossover and single-molecule magnet.

– The most challenging part would be to control the effect of
pressure on magnetic performance. To do so, the isostatic
pressure applied has to be replaced by a uniaxial pressure
along a selected axis or at least non-isostatic pressure. By
applying such a pressure to an oriented single crystal, it
might be possible to increase the electrostatic interaction
between the metal center and the ligands along the most
negatively charged direction for oblate ions or the least
negatively charged direction for prolate ions, leading to a
systematic improvement in magnetic performance.
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