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ABSTRACT: Room-temperature, long-range (300 nm), chirality-induced spin- 24
selective electron conduction is found in chiral metal—organic Cu(II) phenylalanine
crystals, using magnetic conductive-probe atomic force microscopy. These crystals are
found to be also weakly ferromagnetic and ferroelectric. Notably, the observed
ferromagnetism is thermally activated, so that the crystals are antiferromagnetic at low
temperatures and become ferromagnetic above ~50 K. Electron paramagnetic
resonance measurements and density functional theory calculations suggest that
these unusual magnetic properties result from indirect exchange interaction of the

Cu(II) ions through the chiral lattice.
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rganic-molecule-based magnets have attracted con-
siderable attention as an alternative to typical
inorganic magnets. Such compounds often exhibit
interesting magnetic properties,’ which underlie spintronic
elements” and quantum devices.” Although single molecule
magnets were found to show ferromagnetism only at low
temperatures, "~

. 189 . . .
be chiral™”), as well as some paramagnetic and diamagnetic
10,11

7 some organic molecular crystals (which may

organic molecules assembled in supramolecular structures,
reveal ambient temperature ferromagnetism.'”~'> For example,
the assembly of hexacyanoferrate(Ill) anions and nickel(II)
bisdiamino complexes of the chiral ligand trans-cyclohexane-
1,2-diamine yields cyanide-bridged two-dimensional ferromag-
nets. Their crystal structure is built from cyanide-bridged
bimetallic planes separated by bulky ligands. This results in a
two-dimensional layered structure with a large interlayer
distance. These materials order ferromagnetically at a Curie
temperature of Tc = 14 K.° Another example is that of
ferromagnetic ordering with T = 1.1 K, observed in organic
molecular crystals with structural chirality.” Of particular
relevance is the temperature-activated ferromagnetism of FePc
and ZnFPc molecules (Pc = phthalocyanine) reported by
Dhara et al."’ Notably, the self-assembly of FePc and ZnFPc
molecules (~1:1 ratio) exhibited a clear hysteresis loop
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(coercive field, H. ~ 120 Oe) at room temperature, providing
a definite indication of ferromagnetic behavior.

The applicability of the previously reported systems to
room-temperature spintronics remains unknown, however,
because spin-dependent conduction through these crystals
has not been measured, to the best of our knowledge. Such
measurements would be particularly interesting for chiral
molecular crystals, in light of the effect of chirality-induced spin
selectivity (CISS) of charge-carrier transmission,'® observed in
numerous bioinspired chiral molecular layers.'”~** In CISS,
the preferred spin depends on the handedness of the molecule;
namely, for one enantiomer the preferred spin polarization is
parallel to the electron momentum, whereas for the opposite
enantiomer it is directed antiparallel to the electron
momentum. Notably, the scope of the CISS effect has been
recently extended to the realm of chiral solid films and has
been observed in hybrid organic—inorganic perovskites, up to

Received: September 8, 2020
Accepted: October 13, 2020
Published: October 23, 2020

https://dx.doi.org/10.1021/acsnano.0c07569
ACS Nano 2020, 14, 16624—16633


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amit+Kumar+Mondal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Noam+Brown"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Suryakant+Mishra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pandeeswar+Makam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dahvyd+Wing"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sharon+Gilead"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sharon+Gilead"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yarden+Wiesenfeld"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gregory+Leitus"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Linda+J.+W.+Shimon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Raanan+Carmieli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Ehre"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Grzegorz+Kamieniarz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Grzegorz+Kamieniarz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonas+Fransson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oded+Hod"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leeor+Kronik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ehud+Gazit"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ron+Naaman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.0c07569&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07569?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07569?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07569?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07569?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07569?fig=agr1&ref=pdf
https://pubs.acs.org/toc/ancac3/14/12?ref=pdf
https://pubs.acs.org/toc/ancac3/14/12?ref=pdf
https://pubs.acs.org/toc/ancac3/14/12?ref=pdf
https://pubs.acs.org/toc/ancac3/14/12?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07569?ref=pdf
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html

ACS Nano

www.acsnano.org

(€

Y

5596956658698

ﬁfﬁﬁ}}%}

9%0 0&9&6&

22929090

gay&o&&bo&o&

(D)

2 S
Y e sLL L L L4

@g & f; 85 %‘5 !’fjl"g 1!5:{

é\’&yﬁyﬁ'@*@’@"

Fr

(E)

L-Phe-Cu

?€N$$H$$ﬁrﬁ
@7@’4?@7@"67@7@7

g g g g

& g»“‘ &
(F) 601
4.0
~
88 2.0
=}
E o0
a
© 204
— L-Phe-Cu
— D-Phe-Cu
-4.0
— L-FsPhe-Cu
-6.0 - — D-FSPhe-Cu
220 240 260 280 300 320 340
Wavelength (nm)

Figure 1. Structure of the L-Phe-Cu (top row) and L-F;Phe-Cu (middle row) crystals: (A) asymmetric unit; (B) unit cell; (C) high-order
assembly of the crystal lattice; (D) AFM topography image. Color coding in panels (A—C): carbon, gray; oxygen, red; nitrogen, blue;
copper, orange; fluorine, yellow. Chirality of the studied crystals: (E) illustration of Phe-Cu mirror symmetry. (F) CD spectra of the studied

crystals.

several hundred nanometers thick,>>*°
crystals.”’

A promising platform for combining the advantages of long-
range CISS behavior with those of organic-based materials is
that of metal—organic chiral crystals. Here, we focus on a
particular bioinspired class of those, comprising Cu(II) atoms
arranged in two-dimensional (2D) layers of Dp- or L-
enantiomers of phenylalanine or pentafluorophenylalanine.

and in inorganic chiral

Previously, ferroelectric behavior has been observed in
materials similar to those presently studied,”**” but here, we
also observe a thermally activated ferromagnetic component,
occurring at temperatures higher than ~50 K. This makes the
materials potentially weakly multiferroic, that is, possessing a
combination of ferroelectric and ferromagnetic properties.
Such behavior has attracted significant interest owing to the
enigmatic mechanisms of this phenomenon and its numerous
prospective applications30 but, to date, has been identified at
room temperature only in inorganic materials. Importantly, we
find that the onset of ferromagnetism is accompanied by a
significant increase in long-range (>300 nm), spin-selective
electron conduction. Based on electron paramagnetic reso-
nance (EPR) studies and density functional theory (DFT)

calculations, the unusual magnetic behavior is attributed to an
indirect exchange interaction between the Cu(II) ions through
the chiral lattice. It is expected that the combination of chirality
and magnetic properties, which exists in the materials studied
here, will present interesting effects and will establish chiral
metal—organic crystals as promising materials for spin-based
devices.

RESULTS AND DISCUSSION

D- and L-enantiomers of phenylalanine and pentafluoropheny-
lalanine were separately crystallized with copper ions (p/L-Phe-
Cu and p/1-F;Phe-Cu, respectively) and characterized by X-
ray crystallography and circular dichroism (CD) spectroscopy
(see the Methods section for details). The asymmetric units of
both types of crystals comprise an amino acid dimer
coordinating a copper atom (Figure 1A; see Figure S1A and
Table S1 in the Supporting Information for crystallographic
data), where the amino and carboxylic acid moieties of the
amino acids act as ligands. The unit cells (Figures 1B and S1B)
assemble to form a layered crystal structure containing an
ordered layer of copper atoms, sandwiched between the chiral
environment consisting of the amino acids (Figures 1C and
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Figure 2. Magnetic properties of L-Phe-Cu crystal, measured parallel (top panels) and perpendicular (bottom panels) to the crystal plane.
(A,D) Full spectrum of the magnetic moment as a function of applied magnetic field. (B,E) Low-field region of the curves shown in (A,D).

Note that precision in the magnetic field and moment measurements is, respectively, +2
respectively). The error in the magnetic moment is given by the size of the symbols. The
K is below experimental resolution. (C,F) Coercive field as a function of temperature.
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Figure 4. EPR spectra and surface resistance as a function of temperature. (A) EPR spectra of L-Phe-Cu crystal powder. Inset: Inverse of the
EPR integral intensity. (B) Surface resistance, R, measured using a four-point probe (see inset) for decreasing (red) and increasing (blue)
temperatures. The current depends linearly on the applied bias (inset on the right) in the range of voltage applied, indicating Ohmic

contacts.

S1C). The Phe-Cu and F;Phe-Cu crystals arrange into
noncentrosymmetric space groups, P2, and PI, respectively.
The shape of the crystals is shown in Figure 1D. The L and b
unit cells and crystal structures are mirror images of each other
(Figure 1E). CD spectroscopy was used to confirm the
chirality of the crystals, showing opposite CD absorption
spectra of the two enantiomers (Figure 1F). The main
absorption band of Phe-Cu is located at 254—295 nm, showing
a positive (negative) Cotton effect for the p-Phe-Cu (L-Phe-
Cu) crystal (see red (black) line in Figure 1F). F;Phe-Cu has a
main absorption band at 230—280 nm, with a positive
(negative) Cotton effect for the p-FiPhe-Cu (L-FsPhe-Cu)
enantiomer. UV—vis characterization, along with determina-
tion of the stoichiometric content of the Cu ions, is given in
Figure S1E,F.

Building blocks, similar to the ones studied here, are known
to form ferroelectric structures.”®*® Therefore, we examined
the ferroelectric response of the crystals. We measured the
equivalent capacitance versus applied voltage (C—V) curves of
L-Phe-Cu crystals using an impedance analyzer at a frequency
of 1 kHz. At very low temperature, 2 K, the samples behave as
a perfect capacitor, showing no maximum in the capacitance
with the applied DC voltage. At 30 K (Figure S2), the C—V
curve exhibits several peaks in the capacitance, similar to the
curve of multidomain ferroelectric materials. After a few cycles,
the capacitance drops and the C—V curve stabilizes, becoming
smoother with only two peaks near zero voltage, which implies
that the coercive field of this material is relatively small. Above
~50 K, the samples behave as conductors, precluding the
measurement of capacitance.

Magnetic properties of these materials were measured using
a superconducting quantum interference device (SQUID). We
used ultrapure materials for the crystallization and repeated the
measurements for different batches, ruling out bulk contam-
ination. Furthermore, measurements were performed on both
single crystals and microcrystalline powders to rule out surface
contamination. For the single crystals, Figure 2A,D presents
the magnetic moment as a function of applied magnetic field
parallel or perpendicular to the ab crystal plane, respectively. A
strong predominantly paramagnetic response that decreases
with temperature, as expected, is clearly observed. Surprisingly,
the low-field region of the magnetic response (Figure 2B,E)

features a ferromagnetic response at temperatures above about
50 K, revealed by an increasingly broadened hysteresis curve
that persists even at 300 K (as reflected in the coercive field
shown in Figure 2C,F). Corresponding results of powder
measurements are shown in Figures S3 and S4 of the
Supporting Information. The magnetic results point toward a
thermally activated exchange interaction, with an activation
temperature in the range of 30 to 50 K (about 2—5 meV). In
general, the magnetic behavior is similar to that observed in 2D
magnets,‘“"”2 except for the unusual thermally activated
ferromagnetism.

The behavior of the magnetization as a function of

temperature, measured at a 1000 Oe magnetic field, is further
analyzed using the Curie—Weiss equation, y~' = %, where
X is the magnetic susceptibility, T is the absolute temperature,
C and O are, respectively, the Curie—Weiss constant and
temperatures (Figures 3 and S4). Fitting the parameters of this
equation against the measured y ' as a function of temperature
(Figure 3) for the high-temperature regime (100—300 K),
yields a positive O, indicating ferromagnetic interactions.
When the fit is performed at a lower temperature range, ® is
reduced, and at sufficiently low temperature, ® becomes
negative, indicating antiferromagnetic properties.

To further support the magnetic data, EPR spectra were
measured for the L-Phe-Cu crystalline powder at both the Q-
and X-bands (Figures 4A and SS, respectively). At 10 K, the
EPR signal is strong, indicating mainly localized spin. With a
temperature increase, the signal intensity decreases gradually,
indicating an enhanced exchange interaction due to increased
thermal motion and hence some delocalization of the unpaired
electrons. The EPR results are therefore consistent with a
temperature-activated exchange interaction between the
Cu(II) ion and the lattice.

The magnetic measurements were augmented by temper-
ature-dependent conduction measurements, performed using
four gold contacts in a Van der Pauw geometry (Figures S6
and S7). This configuration allows the measurement of
conduction in the ab plane of the crystals. Figure 4B shows
the dependence of the surface resistance, Rg, on the
temperature. Clearly, there is a dramatic increase in resistance
at low temperature, starting at ~50 K. This correlates well with

https://dx.doi.org/10.1021/acsnano.0c07569
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Figure S. Spin-selective conduction. (A) Schematic of the mCP-AFM measurement setup. A ~300 nm thick sample (blue hexagon) is placed
on a gold-coated Ni surface and contacted from above by a conducting AFM tip. The substrate is magnetized with an external magnetic field
of about 200 Oe. (B,C) Room-temperature current—voltage (I—-V) measurements of p- and L-Phe-Cu (B) and p- and L-FsPhe-Cu crystals
(C), showing spin-selective conduction that depends on enantiomer type, external field direction, and bias polarity. The symbol size
represents the measurement error. The measurements were performed at room temperature. Note that spin injected from the substrate is
polarized in the opposite direction to the magnetic dipole of the substrate.

the observed loss of ferromagnetism and is similar to the
behavior observed at a metal—insulator transition.>>™>*

To explore spin-dependent conduction, we performed
room-temperature spin-dependent electron conduction studies
using a magnetic conductive probe atomic force microscope
(mCP-AFM), based on a setup reported previously (Figure
5A).* The crystals were deposited on a gold-coated nickel (Ni
120 nm, Au 8 nm) substrate. The substrate magnetization
direction (up or down) was controlled by an external magnetic
field, oriented perpendicular to the Ni plane (for details, see
the Methods section). The AFM was fitted with a nonmagnetic
Pt tip. Prior to the conduction studies, the morphology of the
samples was analyzed using AFM topography images (Figure
1D), and it was established that the conduction measurements
are performed along the short (about 300 nm) c-axis of the
crystals. Measurements were taken at different sites of each
crystal and for several crystals of each type (see Figures S8—
S10 in the Supporting Information).

Figure SB,C shows the obtained current—voltage (I-V)
curves for p- and L-Phe-Cu crystals ($B) and p- and L-F;Phe-
Cu crystals (SC). Each curve is an average over SO to 100
individual measurements (see Figures S8 and S9 in the
Supporting Information). The I—V measurements indicate
that, in general, the 300 nm thick crystals behave as a large-gap
semiconductor. Notably, the results are similar to those
obtained with a DNA of a shorter length (~130 nm) measured
in the same setup.'® In the case of the DNA, as well as other
chiral molecules,”” the conduction depends on the spin of the
injected electrons. Spin-dependent conduction is also observed
here, even though the electrons are transported through a
much longer medium than in former studies on chiral systems.
Here, for p-Phe-Cu (L-Phe-Cu), the current is higher when
electrons are injected from the down-magnetized (up-
magnetized) substrate. The opposite is true for the FiPhe-
Cu crystal.*® Quantitatively, at +3 V, the degree of spin
polarization, defined as (Iy — Ip)/(Iy + Ip), where I; and I
are the currents measured with the Ni magnetized up and
down, respectively, is ~27% (~68%) for the p-Phe-Cu (1-Phe-
Cu) enantiomer. Correspondingly, the spin polarization
measured for the FsPhe-Cu crystal was found to be ~24%
(~39%) for the D(L) enantiomer. Interestingly, although
terroelectric behavior at room temperature could not be
ascertained directly, the asymmetry observed in the I-V curves
may be explained by a net polarization in the crystals.

Based on the CISS effect alone, the current magnitude for
the L-enantiomer with the up-magnetized substrate should be
the same as that for the p-enantiomer with the down-
magnetized substrate. Figure 5 shows that this is not the case.
Instead, for Phe-Cu (FiPhe-Cu), the current measured with
the L-enantiomer is generally higher (lower) than that for the
p-enantiomer. This can be rationalized by the observed room-
temperature ferromagnetism. Whereas the preferred spin
injection depends on the handedness (L or D), the preferred
spin transport also depends on the magnetization direction of
the molecular ferromagnet, independent of chirality. Therefore,
a large current is observed only if both effects support the same
spin preference. Given that all measured crystals were
magnetized with a magnetic field pointing up (see detailed
discussion in the Methods section), this is indeed the case for
L-Phe-Cu (Figure SB): When the injected spin is up (i.e., spin
aligned antiparallel to the electron velocity), both conditions
for spin transfer are favorable and conduction is high; when the
opposite spin is injected, it is not preferred by chirality or
magnetization, and the current is low. For the D-enantiomer,
chirality does not prefer the injection of spin-up electrons.
However, the magnetism allows their conduction through the
crystals. Hence, only one condition for conduction is fulfilled.
For injection of spin-down, the chirality condition is favorable
for the spin but the magnetic condition is not. Thus, in the
case of the D-enantiomer, there are never two optimal
conditions for spin transport and therefore the current is
intermediate.

To gain insight into the unconventional electronic and
magnetic properties of the crystals, DFT calculations were
performed.” Computational details are given in the Methods
section. Briefly, geometry optimization was performed using
the Perdew, Burke, and Ernzerhof functional,*”*' with
Tkatchenko—Scheffler*> dispersive corrections, known to
describe the structure of molecular crystal systems well.**
Electronic structure calculations were performed at the
optimized structure using the Heyd—Scuseria—Ernzerhof***
hybrid functional, which provides a good description of the
electronic structure of organometallic systems.35’46 Here, we
present computational results for the L-enantiomer. Results for
the fluorinated crystals are very similar and are shown in Figure
S11.

Both an FM and an AFM state were stabilized in the DFT
calculations, with the energy of the AFM state being lower by
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Figure 6. DFT calculations of L-Phe-Cu. Density of states for the (A) ferromagnetic and (B) antiferromagnetic states.

” «&\r:x &

Figure 7. Spin density of L-Phe-Cu FM (left) and AFM (right) states. (A,B) View of b-axis of a unit cell. (C,D) View of a-axis of several unit
cells. (E,F) View of c-axis of several unit cells. Color coding in crystal illustrations: carbon, gray; oxygen, red; nitrogen, blue; copper, brown.
The two spin orientations are marked by blue and green iso-surfaces.

~3.5 meV per unit cell. The density of states for the FM and data show that the spin density is mainly centered on the
AFM phases of L-Phe-Cu is given in Figure 6, and the copper atom and adjacent ligand moieties (for orbital-resolved
associated spin density distribution is given in Figure 7. The densities of states, see Figure S12). The entire Cu + ligand

16629 https://dx.doi.org/10.1021/acsnano.0c07569

ACS Nano 2020, 14, 16624—16633


http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c07569/suppl_file/nn0c07569_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07569?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07569?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07569?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07569?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07569?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07569?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07569?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07569?fig=fig7&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07569?ref=pdf

ACS Nano

www.acsnano.org

entity can then be thought of as one spin-polarized unit, which
couples in-plane, ferromagnetically or antiferromagnetically, to
nearby Cu + ligand units, resembling 2D magnetic
phenomena.’*” Hence, the Cu®* ions are coupled indirectly,
even at the geometry corresponding to the low-temperature
structure, with the molecular moieties surrounding each Cu?*
ion playing a crucial role in facilitating the magnetism.
Interpreting the energy difference between the FM and AFM
states as the thermodynamic energy needed to flip the spin
density at and around one Cu®' ion in the unit cell, these
results suggest that no FM response is expected below ~40 K,
which, given the approximations inherent in the calculations, is
in good qualitative agreement with experiment. At higher
temperatures, one can expect some filling of the FM state and
therefore coexistence of FM and AFM states,"”"” explaining
the onset of ferromagnetic hysteresis and its above-discussed
impact on transport. The spin density suggests that for a given
spin-polarized electron these states facilitate transport from
one Cu” ion to its adjacent neighbor for the FM state but not
for the AFM state, where the same spin polarization occurs
only on the second-nearest neighboring Cu** ion. This explains
why the conductivity drops for temperatures low enough such
that the AFM state dominates (see Figure 4).

Finally, we note that dynamic phenomena may also explain
temperature-activated ferromagnetism. Magnetic order may
form owing to the interaction of the spin on the copper ion
with lattice dynamics in the crystals,” or by a magnetic field
created locally by acoustic chiral phonons,”" which is
manifested as an enhanced long-range exchange interaction.>”
A possible role of chirality in obtaining temperature-activated
ferromagnetism is that when the Cu®" ion vibrates against the
chiral lattice, it causes charge polarization. Because of the
chirality, the charge polarization is accompanied by spin
polarization,>” which in turn induces spin polarization on the
next Cu ion. This mechanism is discussed in ref 50. Such a
dynamic effect would be consistent with the EPR results
presented above, but a full computation of it is outside the
present computational framework.

CONCLUSIONS

In conclusion, we showed that bioinspired chiral metal—
organic Cu(II) phenylalanine crystals support room-temper-
ature, long-range, chirality-induced spin-selective electron
conduction. These crystals are found to be weakly
ferromagnetic and ferroelectric. Notably, the observed
ferromagnetism is thermally activated, so that the crystals are
antiferromagnetic at low temperatures and become ferromag-
netic above ~50 K. This unusual behavior is explained in terms
of indirect interaction between the unpaired electrons on the
Cu ions, mediated via the chiral lattice, which results in a low-
lying thermally populated ferromagnetic state. Bioinspired
metal—organic materials therefore emerge as a potential
component for spintronic devices.

METHODS

Metal-Organic Crystal Preparation. All materials were
purchased from Sigma-Aldrich (Israel) unless noted otherwise.
Pentafluorophenylalanine was purchased from Chem Impex (USA).
All amino acid—copper crystals were obtained using the following
general method: 1 equiv of the CuCl, (99.999% CuCl, purity, S mM)
aqueous solution was slowly added to 2 equiv of an amino acid (10
mM) alkaline solution containing 2 equiv of NaOH (10 mM) under
heating at 60 °C. Spontaneously, plate-like blue crystals started

growing at the liquid—air interface. The crystals were filtered off,
washed with deionized water, and dried under vacuum.

X-ray Crystallography. Blue plate-like crystals suitable for
diffraction were coated with Paratone oil (Hampton Research) and
mounted on a MiTeGen loops and flash frozen in liquid nitrogen. All
X-ray diffraction measurements were done at 100 K. Diffraction
measurements for L-Phe-Cu were done at ESRF synchrotron, station
ID23-1. Data were collected and processed using MXCube and the
automated XDS pipeline. Data for b-Phe-Cu were measured in-house
on a Bruker ApexKappall. Data were collected and processed using
the Bruker Apex2 software suite. D/L-FsPhe-Cu crystals were
measured in-house on a Rigaku XtaLab™™ full Kappa diffractometer.
Data were collected and processed with CrysAlis*™. All structures
were solved by direct methods using SHELXT-2013 or SHELXT
2016/4. The structures were refined by full-matrix least-squares
against F* with SHELXL 2016/4. The crystallographic data are given
in Table S1. The structure was illustrated using Mercury 3.9
(Cambridge Crystallographic Data Centre, Cambridge, UK).>*

Circular Dichroism Spectroscopy. CD spectra were obtained at
25 °C using an Applied Photophysics Chirascan CD spectrometer,
equipped with a temperature-controlled cell, at 1 nm resolution, as an
average of three measurements. Spectra were subtracted and
smoothed using the Pro-Data software (Applied Photophysics).

Ferroelectric Measurements. A common way to identify
ferroelectricity in a material is by measuring the change of the
permittivity as a function of an applied electric field (e—E)>>*° or the
equivalent capacitance versus applied voltage (C—V) curves.”” The e—
E or C—V measurements are usually done by applying simultaneously
on the sample a variable DC voltage and a constant small AC voltage
of relatively high frequency (1 kHz or above). The AC voltage is used
to measure the capacitance, which is then plotted as a function of the
DC bias field or voltage. We measured the C—V curve of L-Phe-Cu
crystals using an impedance analyzer (Alfa; Novocontrol) at 1 kHz
AC frequency.

Superconducting Quantum Interference Device Measure-
ments. Magnetic measurements of L-Phe-Cu crystal were performed
using MPMS3 SQUID magnetometer (LOT-Quantum Design Inc.)
by applying a vibrating sample mode. The sample was placed in a
standard brass holder. The temperature dependence of the magnetic
moment was taken at FCH mode: the sample was cooled to 2 K
under a 1000 Oe magnetic field. Samples were measured while
heating from 2 to 300 K. Magnetic field dependencies were taken at
different temperatures in the intervals while the magnetic field H was
decreased and increased in the range —20 kOe < H < + 20 kOe (at
some cases the interval was lengthened: + 60 kOe). The lamellar
shape of the crystals before their grinding completely corresponds to
the orientation of the layers in the crystal structures (Figure 1). This
allowed us to measure the difference in magnetic properties with the
applied magnetic field oriented perpendicular and parallel to the plane
crystal layers (plane ab).

Electron Paramagnetic Resonance Measurements. CW-EPR
spectra were recorded on a Bruker Elexsys ES80 spectrometer
operating at X-band (9.5 GHz) and Q-band (35 GHz) frequencies
and outfitted with an EN4118X-MD4 resonator for X-band
measurements and with an EN-5107-D2 for Q-band measurements.
The temperature was controlled by an Oxford Instruments CF935
continuous flow cryostat using liquid He. Experimental conditions
were 2000 points, with a microwave power of 2 mW, 0.1 mT
modulation amplitude, and 100 kHz modulation frequency for X-
band measurements. The sweep range was 200 mT. For Q-band
measurements, the experimental conditions were 2000 points, with
microwave power of 1.6 mW, 0.1 mT modulation amplitude and S0
kHz modulation frequency. The sweep range was 200 mT.

Four-Point Conduction Device Fabrication. Gold electrodes, 3
pum apart from each other, were fabricated in a van der Pauw
geometry on a thermal oxide (Si0,-100 nm) p-type silicon wafer.

Four-Point Conduction Measurements. In the first measure-
ment (see Figure 4), a 100 yA current was applied between electrodes
1 and 2 (I},), and the voltage difference was measured between
electrodes 3 and 4 (V,3), producing the resistance Ry (V,3/I1,). In the
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second measurement, the same current was passed between electrodes
2 and 3 (I3), and the voltage was measured between electrodes 4 and
1 (Vy,), producing the resistance Ry (Vy,/I,3). Finally, we calculated
the sample resistance (Rg) using the formula

o] R0 |2y
e =
iy

Magnetic Conductive Probe Atomic Force Microscopy
Sample Preparation. Substrate surfaces were prepared by
sputtering a 120 nm layer of nickel, followed by an 8 nm layer of
gold on top of a silicon wafer with a 2 ym thermal silicon oxide layer,
with an 8 nm titanium layer for adhesion. The use of the Ni/Au
surfaces for the mAFM measurements was necessary to enable
magnetic-field-induced spin polarization of the electrons injected from
the surface to the crystal. All surfaces were cleaned by boiling first in
acetone and then in ethanol for 10 min, followed by a UV-ozone
cleaning for 15 min and a final incubation in warm ethanol for 40 min.
The solution of the crystal was drop-casted on the surface and kept in
vacuo for evaporation. Figure S1 presents the shape of the crystals and
their structure.

CISS Effect Measurement Using Magnetic Conductive
Probe Atomic Force Microscopy. Magnetic-field-dependent
current versus voltage (I-V) characteristics of the crystals were
obtained using a multimode magnetic scanning probe microscopy
system built with Beetle Ambient AFM and an electromagnet
equipped with a R9 electronics controller (RHK Technology).
Voltage spectroscopy for I-V measurements were performed by
applying voltage ramps with a Pt tip (DPE-XSC11, pmasch with
spring constant 3—5.6 N m™') in contact with the sample at an
applied force of S nN. At least 100 I—V curves were scanned for both
magnetic field orientation (field UP and DOWN). The crystals were
deposited on a gold-coated nickel (Ni 120 nm, Au 8 nm) silicon
substrate. The magnetization direction of the nickel layer (up or
down) was controlled by an external magnetic field, oriented
perpendicular to the Ni plane.

Density Functional Theory Calculations. Geometric structure
optimizations and electronic structure calculations were performed
using the Vienna ab Initio Simulation Package® plane wave basis
code. Crystal geometric optimizations were performed for the
ferromagnetic and antiferromagnetic states separately using the
Perdew—Burke—Ernzerhof** generalized-gradient approximation ex-
change-correlation functional, augmented by Tkatchenko—Scheffler
van der Waals (TS-vdW) dispersion corrections.*” Ionic cores were
addressed by the projector augmented wave method. The Brillouin
zones of all examined crystals were sampled using a Monkhorst—
Pack™ k-point grid of 3 X § X 3, with a plane wave energy cutoff of
600 eV, following convergence tests with respect to both parameters.
For electronic structure calculations, the screened-hybrid functional of
Heyd, Scuseria, and Ernzerhof** was used. These methods were found
to produce reliable results in molecular crystalline materials.*’
Magnetization was calculated by subtracting the up and down spin
densities of the crystal and illustrated using the VESTA software.”
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