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Abstract: We successfully synthesized millimeter-sized single crystals of the molecular erbium(III)
complex Er(acac)3(cphen), where acac = acetylacetonate and cphen = 5-chloro-1,10-phenanthroline.
The novelty of this work stems from the exhaustive examination of the polar and electronic properties
of the obtained samples at the macro-, micro-, and nanoscale levels. The single crystal X-ray diffrac-
tion method demonstrates the monoclinic (noncentrosymmetric space group P21) crystallographic
structure of the synthesized samples and scanning electron microscopy exhibits the terrace–ledge mor-
phology of the surface in erbium(III) crystals. By using the piezoelectric force microscopy mode, the
origin of the polar properties and the hyperpolarizability in the synthesized samples were assigned to
the internal domain structure framed by the characteristic terrace–ledge topography. The direct piezo-
electric coefficient (~d33) was found to be intensely dependent on the local area and was measured in
the range of 4–8 pm/V. A nanoscale study using the kelvin probe force and capacitance force (dC/dz)
microscopy modes exposed the effect of the Er ions clustering in the erbium(III) complex. The PFM
method applied solely to the Er ion revealed the corresponding direct piezoelectric coefficient (~d33)
of about 4 pm/V. Given the maximum piezoelectric coefficient in the erbium(III) complex at 8 pm/V,
we highlight the significant importance of the spatial coordination between the lanthanide ion and the
ligands. The polar coordination between the lanthanide ion and the nitrogen and oxygen atoms was
also corroborated by Raman spectroscopy supported by the density functional theory calculations.
The obtained results can be of paramount importance for the application of molecular erbium(III)
complex crystals in low-magnitude magnetic or electric field devices, which would reduce the energy
consumption and speed up the processing switching in nonvolatile memory devices.

Keywords: erbium(III); integrated magnetoelectric molecular system; piezoresponse force microscopy
(PFM); kelvin probe force microscopy (KPFM)

1. Introduction

The development of modern devices suggests using a class of new materials pos-
sessing enhanced optical, electrical, and magnetic properties. The decrease in the size
of these materials significantly changes their properties towards new and/or coupled
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functionality. This ability established a particular way to distinguish the advanced func-
tionality and promote the emersion of hybrid materials, organic/inorganic matrices, and
metal–organic frameworks [1,2]. Among others, the exploitation of rare-earth metals (lan-
thanides) has attracted substantial interest due to their extraordinary optical, electrical,
magnetic, electro-, and magneto-optical properties [2]. The photophysical characteristics
of lanthanide ions, such as their long-lived emission with a narrow linewidth and broad
Stokes shifts (>100 nm) in the visible and near-infrared regions, are the most robust prop-
erties attributed to the lanthanide-based complexes [3]. Erbium(III) oxide emits a photon
in the visible (545 nm) [4] and infrared ranges (1.54 µm and 2.94 µm) [5], thus making
it useful for OLED and solar energy conversion applications, as well as for biological
imagining and detection applications [2]. The 1,10-phenanthroline is usually used in com-
bination with lanthanide to enhance the emitted light, since the strength of the emission is
strongly dependent on the ligand surrounding a lanthanide ion owing to the conjugated
π-bonds [1,6,7]. Another functionality is the magnetic properties of Er(III)-based complex
that can be controlled by external conditions such as light, pressure, and temperature [8,9].
Among these conditions, photochemical control was demonstrated to be the best approach
for the Er(III)-based complex with the photoactive ligand bpe, [Er(nat)3·MeOH·bpe] (1,
bpe = 1,2-bis(2-pyridyl)ethylene, nat = 4,4,4-trifluoro-1-(2-naphthyl)-1,3-butanedione) due
to the accessibility and rapid conduction of light [8]. It was demonstrated that the slight
change in the structure around Er(III) ions leads to different magnetic properties, which
illustrates the photochemical control of the magnetic properties of single-molecule mag-
nets [8]. The highly sensitive magnetic response of the Er(III)-based complex opens the
possibility of linear and nonlinear magneto-optical effects with a distinct application for
magneto-optical memory [9]. On the other hand, in complexes, the ligands chelating the
lanthanide ion may lead to the organization of the noncentrosymmetric crystallographic
packing to assure the polar properties (piezo- or ferroelectrics) [10,11]. The inadequate
comprehension of the origins and influence of hyperpolarizability in the linear and non-
linear emission efficiencies of lanthanide complexes, particularly within the near-infrared
region, has resulted in a paucity of tangible practical applications [1,3,5,12]. It is important
to emphasize that the combination of ferromagnetic and ferroelectric properties results
in a magnetoelectric phenomenon. In this phenomenon, the electrical and magnetic sys-
tems interact reciprocally such that magnetic properties are controlled by the electric field,
and conversely, the electrical properties are regulated by the magnetic field [13–15]. This
type of coupling has rarely been declared in multiferroic systems at room temperature,
especially in lanthanide-based complexes [15–19]. Being able to modify the polarization
or magnetization using either a low-magnitude magnetic or electric field may reduce the
needed energy and speed up the processing speed in nonvolatile memory devices [20]. We
recently demonstrated an example of a lanthanide-based complex, where the interaction
between the rare-earth metal Yb and Zn (R, R-1) resulted in room-temperature magne-
toelectric coupling [21]. All the mentioned discoveries open promising prospects for the
opportunity to apply rare-earth complexes in opto-, micro-, and nanoelectronics through
robustly demonstrated interconnections among optical, electrical, and magnetic properties.

In this work, we successfully synthesized millimeter-sized single crystals of the molec-
ular erbium(III) complex Er(acac)3(cphen), where acac = acetylacetonate and cphen = 5-
chloro-1,10-phenanthroline. The novelty of this research lies in its comprehensive examina-
tion of the polar and electronic properties of the synthesized samples across macroscopic,
microscopic, and nanoscopic scales. To achieve this, we employed a diverse array of
techniques such as conventional methods like X-ray diffraction and scanning electron
microscopy as well as more specialized approaches such as atomic force microscopy, which
was further supplemented by Raman measurements. The atomic force microscopy method
was implemented in several modes: semicontact force mode for the topography mea-
surements, piezoelectric force mode for the measurements of intrinsic and induced piezo-
and ferroelectric properties, kelvin probe mode to study the surface potential distribution,
and dC/dz mode for the capacitance distribution. The Raman data were supported by
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computation using the density functional theory (DFT) level of theory with the BP86 [22,23]
exchange-correlation functional. As a result, we demonstrated the monoclinic (noncen-
trosymmetric space group P21) crystallographic structure and terrace–ledge morphology
of the obtained molecular erbium(III) complex crystals. By using the piezoelectric force
microscopy (PFM) mode, the origins of the polar properties and the hyperpolarizability in
the synthesized samples were assigned to the internal domain structure framed by the char-
acteristic terrace–ledge topography. The direct piezoelectric coefficient (~d33) was found to
be intensely dependent on the local area and was measured in the range of 4–8 pm/V. A
nanoscale study using kelvin probe force and capacitance force (dC/dz) microscopy modes
revealed the effect of clustering in the erbium(III) complex. The PFM method applied solely
to the Er ion revealed the corresponding direct piezoelectric coefficient (~d33) of about
4 pm/V. Considering the maximum piezoelectric coefficient measured in the erbium(III)
complex at 8 pm/V, a conclusion on the significant importance of the spatial coordination
between the lanthanide ion and the ligands can be made. The coordination between the
lanthanide ion and the nitrogen and oxygen atoms was also confirmed by Raman spec-
troscopy and DFT calculations. We concluded that the role of the spatial coordination
between the lanthanide ion and the ligands on the hyperpolarizability and optical proper-
ties of lanthanide-based compounds is critical. These results were found to be of very great
importance for the application of molecular erbium(III) complex crystals in low-magnitude
magnetic or electric field devices to reduce the needed energy and speed up the processing
switching in nonvolatile memory devices.

2. Experiments

All reagents and solvents were commercially available and used as received without
any further purification. In a flask, 0,25 mmol of erbium(III) acetylacetonate hydrate
(2,4-Pentanedione erbium(III) derivative, Er(acac)3, 97%, Sigma-Aldrich, St. Louis, MO,
USA) was added to 0.25 mmol of 5-chloro-1,10-phenanthroline. The solution was then
dissolved in 10 mL of methanol, heated up to 80 ◦C, and magnetically stirred for five hours.
After the reaction was quenched, the final solution was filtered using a syringe filter and
recrystallized via a slow evaporation approach at room temperature to obtain good-quality
single crystals.

Structural analysis was performed on a millimeter-sized single-crystal, at room temper-
ature, using an APEXII diffractometer (Bruker AXS, Karlsruhe, Germany) equipped with a
4K CCD detector and graphite monochromated Mo Kα radiation. X-ray characterization
of polycrystalline samples was conducted on a Bruker D8 Advance diffractometer, with
Ni-filtered Cu Kα radiation (Bruker, Karlsruhe, Germany). The X-ray diffraction (XRD) pat-
terns were collected in Bragg–Brentano geometry, at room temperature, by scanning in the
angle range 5◦ ≤ 2θ ≤ 30◦ with a step of 0.02◦ and a dwell of 0.5 s per step. Morphological
studies were performed using a high-resolution analytical scanning electron microscope
(SEM) VEGA3 (TESCAN Brno, Brno, Czech Republic). The nanoscale properties were
measured by scanning probe microscope (SPM) (Ntegra Prima, NT-MDT, Moscow, Russia)
implemented in contact (AFM), piezoresponse (PFM), electrostatic (EFM), and kelvin probe
(KPFM) force modes. The AFM and PFM methods were used for local topography and
piezoelectric properties measurements. The PFM measurements were conducted with
an ac voltage frequency of 50 kHz and an amplitude of 10 V. The calibration of the PFM
was conducted on the Si substrate following the procedure described in ref. [24]. In or-
der to measure the local switching behavior, the switching spectroscopy PFM (SS-PFM)
method was applied. This is a method when after the PFM scan at a predefined local
area (~2–30 nm), dc bias voltage pulses are applied from the minimum to maximum value
to detect the switching of the local domain structure. The dc bias voltage applied to the
sample during the SS-PFM measurements was varied in the range of 1–50 V. The KPFM at
the first and second harmonics were used for the surface charge, surface potential, dielectric
permittivity, and dC/dz distribution measurements. Soft cantilevers with force constant at
3 N/m (ElectriMulti75-G, BudgetSensors, Sofia, Bulgaria) coated with Cr/Pt convenient for
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electric modes measurements were utilized. The KPFM technique was used to measure the
work function (WF) difference between the tip and the sample according to the equation

VCPD =
Wtip −Wsample

−e
(1)

where Wtip is the WF of the SPM tip coating, Wsample is the WF of the sample, e is the
elementary charge, and VCPD is the measured contact potential difference, viz. surface
potential. All the SPM measurements were performed under controlled conditions (25 ◦C,
humidity ~30%).

Raman spectra in the 25–3500 cm–1 spectral range were acquired at room temperature
using a LabRAM HR Evolution Raman microscope (Horiba, Fukuoka, Japan) and an
1800 gr/mm grating. The laser excitation at 532 nm was focused on the sample using a
50× objective, and the laser power at the sample was less than 0.5 mW, resulting in no
detectable heating or degradation of the sample. The average exposure time was 10 s, and
50 accumulations were used.

3. Computational Details

The geometry of the Er(III) complex was fully optimized at the DFT level of theory
with the BP86 [22,23] exchange-correlation functional, using the 4f -in-core effective core
potential (ECP) of Dolg et al. and the associated [5s4p3d]-GTO valence basis sets for the
lanthanide [25] together with the 6–311++G(d,p) extended triple-ζ plus polarization basis
sets for chlorine, oxygen, nitrogen, carbon, and hydrogen. This functional and ECP were
chosen based on the reported benchmarking studies [26]. The inclusion of the f electrons in
the core of the ECP is reasoned by the limited radial extension of the 4f orbitals (with radial
maxima at around 50 pm) and their almost negligible participation in chemical bonding [27].
The Hessian matrix was calculated for the resultant stationary points to verify that they
were minima, and the harmonic Raman spectra were also obtained and used to construct
the computationally predicted spectra shown in the figures, which were simulated using
Lorentzian functions with a full-width-at-half-maximum (FWHM) of 4 cm–1 centered at
the calculated wavenumbers. Chemcraft (Version 1.8) software was used to correct the
intensities of the computed spectrum, taking into account the ambient temperature and
laser wavelength [28]. All the calculations were carried out in vacuo using the Gaussian 16
code [29].

4. Results and Discussion

The crystallographic structure is monoclinic (noncentrosymmetric space group P21),
with cell parameters a = 9.6365(5), b = 30.855(2), c = 19.4378(9) Å, and β = 103.771(3)◦. The
unit cell contains four independent crystallographic Er(acac)3(cphen) units, and no solvent
molecules are incorporated in the crystal structure. Figure 1a shows the powder XRD
pattern obtained for the erbium(III) complex and that simulated from the structure deter-
mined in the single-crystal XRD study. The calculated and measured XRD patterns match
closely, apart from a few small peaks (the most prominent at 8.7◦) that likely correspond to
unreacted Er(acac). A schematic view of the erbium(III) complex is presented in Figure 1b.
The rare-earth ion is eightfold coordinated by three acetyacetonate mononegative ions and
one neutral 5-chloro-1,10-phenanthroline molecule with the chelation occurring via the N
and O atoms.
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Figure 1. (a) Experimental powder XRD patterns for the erbium(III) complex in comparison to the
calculated pattern for the structure determined by single-crystal XRD (for clarity, the experimental
data were offset by one unit along the vertical axis). (b) Er(acac)3(cphen) complex, showing the
eightfold coordination of the rare-earth ion via the N and O atoms of the ligands (atom colors:
Er(III)—green, O—red, N—blue, C—black, Cl—yellow, H—white).

The calculated Raman spectrum forecasts reasonably well the one obtained exper-
imentally (Figure 2). Nevertheless, some regions of the experimental spectrum are not
accurately replicated. This discrepancy can largely be attributed to the limitations of the
applied calculation approach. In particular, the performed calculations predict vibrations of
an isolated molecule, thereby overlooking the influence of the intermolecular interactions
on the intrinsic molecular vibrations in the periodic crystalline structure. Moreover, the
low-energy regions of the Raman spectrum are particularly anticipated to be affected by
phonon vibrations of the crystal lattice, which were not possible to factor into the present
computation method. It is noteworthy that these calculations of such large molecular
complexes, as examined in this study, span only a few days, nonetheless yielding very
reasonable results. Conversely, more specialized computational approaches tailored for
solid-state analyses, such as fully periodic calculations on the crystalline structures that
mitigate the aforementioned limitations, could necessitate several months of computational
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time [30]. The experimentally observed multiple Raman peaks at 1516–1604 cm–1 were
previously attributed to the stretching of the CC, CN, and C=O bonds of the rings of
N,N-and O,O-donor molecules of a similar complex where Er(III) ions were coordinated
by six O atoms and two N atoms [31–33]. These assignments are also supported by our
calculations (Figure 2). Additionally, according to our computations, the strong features at
1410–1460 cm–1 are due to the bending vibration of numerous C–H bonds. In the literature,
the experimentally observed Raman feature at 400–407 cm–1 was tentatively assigned to (Er–
N) modes [32,33]. In contrast, according to our estimations for the studied Er(III) complex,
these modes contribute to the small Raman bands observed at 271 and 365 cm–1. Features
at 215 and 407 cm–1, on the other hand, can be attributed to more complex vibrations of
the whole Er(III) complex involving Er–O bending and stretching vibrations, respectively,
which is consistent with the estimates for other Er complexes [34]. Stretching vibrations
of the 5-chloro-1,10-phenanthroline fragment, involving Er-N vibrations, are responsible
for the intense Raman bands at 421 and 722 cm–1. Thus, the observed Raman vibrations
involving the Er(III) atom confirm its coordination with O and N atoms of the ligands.
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Figure 2. Experimental and calculated Raman spectra of Er(III) complex. The calculated spectrum
was scaled by a factor of 1.02.

The results of the SEM imaging display the monoclinic shape of the erbium(III) com-
plex crystal at the macroscale level (Figure 3a). The characteristic type of morphology
at the higher magnification was observed (Figure 3b) to distinguish an organization of
randomly distributed sheet layers (Figure 3c). Figure 3d shows the appearance of typical,
for molecular structures, terrace–ledge morphology similar to those reported for other
supramolecular and polar organic systems [21,35–38].

Consistent with the SEM results, the SPM scans disclose similar terrace–ledge morphol-
ogy structures, represented in Figure 4. PFM scan images reveal correlated out-of-plane
(OOP) (the corresponding phase component in Figure 4b,e) and in-plane (IP) (the cor-
responding phase component in Figure 4c,f) piezoresponses that were found to be in
agreement with the noncentrosymmetric crystallographic structure of the erbium(III) com-
plex. All the measured OOP and IP PFM components were affected by the terrace–ledge
topography similar to those reported in some organic piezo- and ferroelectrics [35–38].
Figure 4d–f displays the distinct OOP PFM responses within two terrace-ledge structures,
and the IP PFM responses reflect the boundary conditions.

To measure the local piezoelectric hysteresis, the switching spectroscopy PFM (SS-PFM)
method was applied to the terrace–ledge structure according to the procedure described
in ref. [39]. The results of the measurements at different points are presented in Figure 5.
SS-PFM applied to the areas possessing opposite phases in OOP PFM response (a red
circle and a blue square in Figure 5a) revealed robust and straight differences in magnitude
(Figure 5c) and phase (Figure 5d). The corresponding direct piezoelectric coefficients (d33eff )
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were measured at eight pm/V (at the area marked with the red circle) and five pm/V (at
the area marked with the blue square). The local piezoelectric hysteresis measured at the
compressed boundary condition between two terrace–ledge structures (a black circle in
Figure 5a) revealed the absence of a hysteresis loop depending on the applied voltage
(Figure 5b). This result points out the clamping effect on electric dipoles within compressed
boundary conditions to give rise to the observation of strong piezoelectric behavior. To
determine the influence of compressed boundary conditions on the SS-PFM results, the
measurements at free and bulk boundary conditions were tested. For this, the SS-PFM
measurements were conducted at two opposite edges of the terrace–ledge structures shown
in Figure 5a at the places marked by a green triangle (free boundary conditions) and
an inverted yellow triangle (bulk boundary conditions due to contact with a massive
layer sheet). While a tiny hysteresis behavior was measured for both areas (see the phase
signal in Figure 5f), the free grain boundary condition allows a higher amplitude of the
PFM magnitude signal due to the absence of the tension forces. The corresponding direct
piezoelectric coefficients (d33eff ) were measured at 4.5 pm/V for the free boundary condition
and 4 pm/V for the bulk boundary condition.
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Figure 3. Scanning electron microscopy images of the molecular erbium(III) complex Er(acac)3(cphen)
single crystal: (a) a single crystal view at ×100, (b) a general image of the surface of the single crystal
at ×1000, (c) a terrace–ledge morphology structure of the surface visible at ×5000, (d) a number of
the steps of the terrace–ledge morphology structure distinguishable at ×20,000.
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Figure 4. AFM and PFM scan images of terrace–ledge morphology structures in the erbium(III)
complex: (a,d) topography and corresponding phase components for (b,e) out-of-plane and (c,f) in-
plane PFM responses.

The electrophysical measurements have been conducted at micro- and nanoscale levels
via EFM (surface charge distribution) and KPFM (surface potential distribution) approaches
(Figure 6). The KPFM mode was utilized using the first (work function distribution) and
second (dielectric permittivity and capacitance (dC/dz) distributions) harmonics [40]. The
results of the surface charge (Figure 6b) and dC/dz (Figure 6d) distributions measured at the
microscale level show a distinct influence of the topography. This result reaffirms the strong
influence of the terrace–ledge topography on the functional properties of the erbium(III)
complex. Considering the surface potential distribution (Figure 6c), the regions with intense
response can be associated with highly active polar regions, so-called hyperpolarized
areas that are assumed to be very active in linear and nonlinear optical responses [41–43].
The magnified scan images disclose more details in the surface charge (Figure 6f) and
dC/dz (Figure 6h) distributions. The enhanced EFM response is consistent with the
increasing work function at the edge of the terrace–ledge structure, thus indicating the
net of uncompensated surface charges (Figure 6f,g). The second harmonic KPFM signal
mapping reveals a nanoscale clustering in the erbium(III) complex (Figure 6h).

Figure 7 shows the evolution of the scan scaling of Figure 6h to discover a phenomenon
of nanoscale clustering in the erbium(III) complex. Figure 7e illustrates the sketch of what is
seen in Figure 7c, where the localization of the Er ion is visualized via the dC/dz signal. SS-
PFM measurements were acquired precisely in that place according to the probing scheme
in Figure 7e, and the results of the magnitude and phase on the voltage dependencies are
presented in Figure 7d. The characteristic ferroelectric behavior with strong hysteresis
in both the magnitude and phase signals was measured, and the corresponding direct
piezoelectric coefficient (d33eff ) was attained at 4 pm/V. Considering the maximum local
piezoelectric coefficient measured at 8 pm/V, these results constitute the macroscopic polar
properties of the erbium(III) complex to be 50% dependent on the Er ion and 50% on the
ligand surrounding. The details of the exact spatial coordination between the lanthanide ion
and its ligands ultimately define, in addition to the crystallographic symmetry determining
the crystal packing in the solid state, the polar properties, hyperpolarizability, and linear
and nonlinear optical properties of such lanthanide-based complexes.
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Figure 5. Switching spectroscopy PFM measurements: (a) schematic representation of the measured
areas and the corresponding results of the (b,c,e) magnitude and (b,d,f) phase responses. Color legend:
the red circle and the blue square correspond to the opposite phases in the OOP PFM response, the
black circle points to the area of compressed boundary condition, the green triangle spots the free
boundary condition, and the inverted yellow triangle marks the bulk boundary condition.



Crystals 2023, 13, 1331 10 of 13

Crystals 2023, 13, x FOR PEER REVIEW 10 of 14 
 

 

harmonic KPFM signal mapping reveals a nanoscale clustering in the erbium(III) complex 

(Figure 6h). 

 

Figure 6. Electrophysical scan images of the erbium(III) complex: (a,e) topography and correspond-

ing (b,f) surface charge, (c,g) surface potential, and (d,h) dC/dz distributions. 

Figure 7 shows the evolution of the scan scaling of Figure 6h to discover a phenome-

non of nanoscale clustering in the erbium(III) complex. Figure 7e illustrates the sketch of 

what is seen in Figure 7c, where the localization of the Er ion is visualized via the dC/dz 

signal. SS-PFM measurements were acquired precisely in that place according to the prob-

ing scheme in Figure 7e, and the results of the magnitude and phase on the voltage de-

pendencies are presented in Figure 7d. The characteristic ferroelectric behavior with 

strong hysteresis in both the magnitude and phase signals was measured, and the corre-

sponding direct piezoelectric coefficient (d33eff) was attained at 4 pm/V. Considering the 

maximum local piezoelectric coefficient measured at 8 pm/V, these results constitute the 

macroscopic polar properties of the erbium(III) complex to be 50% dependent on the Er 

ion and 50% on the ligand surrounding. The details of the exact spatial coordination be-

tween the lanthanide ion and its ligands ultimately define, in addition to the crystallo-

graphic symmetry determining the crystal packing in the solid state, the polar properties, 

hyperpolarizability, and linear and nonlinear optical properties of such lanthanide-based 

complexes. 

Figure 6. Electrophysical scan images of the erbium(III) complex: (a,e) topography and corresponding
(b,f) surface charge, (c,g) surface potential, and (d,h) dC/dz distributions.

Crystals 2023, 13, x FOR PEER REVIEW 11 of 14 
 

 

 

Figure 7. (a–c) Evolution of the dC/dz scan scaling to observe the clustering phenomenon in the 

erbium(III) complex. (d) Switching spectroscopy PFM data acquired on (e) localized Er ion in ligand 

surrounding (atom colors: Er(III)—green, O—red, N—blue, C—black, Cl—yellow, H—white). 

5. Conclusions 

To summarize, we successfully synthesized millimeter-sized single crystals of the 

molecular erbium(III) complex Er(acac)3(cphen) and conducted complete investigations 

of polar and electronic properties at the macro-, micro-, and nanoscale levels. To achieve 

this, we applied very different but comprehensive methods such as X-ray diffraction, scan-

ning electron microscopy, atomic force microscopy, as well as Raman spectroscopy. The 

atomic force microscopy method was implemented in several modes: semicontact force 

mode for the topography measurements, piezoelectric force mode for the measurements 

of the intrinsic and induced piezo- and ferroelectric properties, kelvin probe mode to 

study the surface potential distribution, and dC/dz mode for the capacitance distribution. 

We have demonstrated the monoclinic (noncentrosymmetric space group P21) crystallo-

graphic structure and terrace–ledge morphology of the synthesized molecular erbium(III) 

complex crystals. By using the piezoelectric force microscopy (PFM) mode, the origins of 

the polar properties and hyperpolarizability in the synthesized samples were assigned to 

the internal domain structure framed by the characteristic terrace–ledge topography. The 

direct piezoelectric coefficient (~d33) was found to be intensely dependent on the local 

area and measured in the range of 4–8 pm/V. A nanoscale study using kelvin probe force 

and capacitance force (dC/dz) microscopy modes revealed the effect of clustering in the 

erbium(III) complex. The PFM method applied solely to the Er ion revealed the corre-

sponding direct piezoelectric coefficient (~d33) of about 4 pm/V. Considering the maxi-

mum piezoelectric coefficient measured in the erbium(III) complex at 8 pm/V, a conclusion 

about the significant role of the spatial coordination between the lanthanide ion and the 

ligands was drawn. This coordination between the lanthanide ion and the nitrogen and 

oxygen atoms was also confirmed by Raman spectroscopy supported by density func-

tional theory calculations utilizing the BP86 exchange-correlation functional. The obtained 

results were found to be of very great importance for the utilization of molecular er-

bium(III) complex crystals in low-magnitude magnetic or electric field devices. This ap-

plication has the potential to reduce the required energy and accelerate the processing 

switching in nonvolatile memory devices. The obtained findings also pave the way for 
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erbium(III) complex. (d) Switching spectroscopy PFM data acquired on (e) localized Er ion in ligand
surrounding (atom colors: Er(III)—green, O—red, N—blue, C—black, Cl—yellow, H—white).

5. Conclusions

To summarize, we successfully synthesized millimeter-sized single crystals of the
molecular erbium(III) complex Er(acac)3(cphen) and conducted complete investigations of
polar and electronic properties at the macro-, micro-, and nanoscale levels. To achieve this,
we applied very different but comprehensive methods such as X-ray diffraction, scanning
electron microscopy, atomic force microscopy, as well as Raman spectroscopy. The atomic
force microscopy method was implemented in several modes: semicontact force mode
for the topography measurements, piezoelectric force mode for the measurements of the
intrinsic and induced piezo- and ferroelectric properties, kelvin probe mode to study
the surface potential distribution, and dC/dz mode for the capacitance distribution. We
have demonstrated the monoclinic (noncentrosymmetric space group P21) crystallographic
structure and terrace–ledge morphology of the synthesized molecular erbium(III) complex
crystals. By using the piezoelectric force microscopy (PFM) mode, the origins of the
polar properties and hyperpolarizability in the synthesized samples were assigned to the
internal domain structure framed by the characteristic terrace–ledge topography. The
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direct piezoelectric coefficient (~d33) was found to be intensely dependent on the local
area and measured in the range of 4–8 pm/V. A nanoscale study using kelvin probe
force and capacitance force (dC/dz) microscopy modes revealed the effect of clustering
in the erbium(III) complex. The PFM method applied solely to the Er ion revealed the
corresponding direct piezoelectric coefficient (~d33) of about 4 pm/V. Considering the
maximum piezoelectric coefficient measured in the erbium(III) complex at 8 pm/V, a
conclusion about the significant role of the spatial coordination between the lanthanide ion
and the ligands was drawn. This coordination between the lanthanide ion and the nitrogen
and oxygen atoms was also confirmed by Raman spectroscopy supported by density
functional theory calculations utilizing the BP86 exchange-correlation functional. The
obtained results were found to be of very great importance for the utilization of molecular
erbium(III) complex crystals in low-magnitude magnetic or electric field devices. This
application has the potential to reduce the required energy and accelerate the processing
switching in nonvolatile memory devices. The obtained findings also pave the way for
further studies of coupled magnetic, polar, and optical properties in lanthanide-based
complexes. In particular, the magnetic properties at room and low temperature of this new
Er(III) complex deserve a thorough investigation.
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