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Abstract: The absence of centrosymmetry in the enantiopure chiral magnet [N(CHs;)(n-CsH;)>(C*H-
(CH3)C2Hs)IMNn'"'Cr'"'(ox)s] allows the observation of bulk second harmonic generation (SHG) in this material.
At low temperature, the onset of magnetization gives birth to a magnetization-induced SHG (MSHG)
contribution. With an angular shift of 13.1° upon magnetization reversal, the MSHG effects appear to be
much larger than the corresponding linear magneto-optical effects. Thanks to the single-crystalline state of
the sample, the variation of the signal with the orientation of the magnetic field and/or the angle between
the polarization of the incident radiation and the outgoing SHG signal in the paramagnetic and ferromagnetic
phases is reproduced and well-understood through the use of a symmetry-based analysis of the nonlinear

susceptibility tensor.

Introduction

One of the current trends in molecular magnetism and
throughout materials science is to synthesize and study multi-
functional magnetic compounds.' The association®* or interac-
tion* ® between two physicochemical properties is of funda-
mental interest in discovering and/or experimenting with new
physicochemical properties and in particular could give rise to
original solutions in data-storage applications.

In addition to the magnetic ordering, which is related to the
breaking of time-reversal symmetry,” considerable effort has
been devoted to introducing properties related to the loss of
parity-reversal symmetry. The importance of breaking the latter
symmetry in magnetic materials is obvious when magnetochiral
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dichroism (MChD) is considered,®® but as a direct consequence
of tensor symmetry analysis, it is also requisite for the
appearance of ferroelectricity, second harmonic generation
(SHG), and related properties.’

Two strategies can be followed to obtain (magnetic) non-
centrosymmetric materials. The first one, which is not restricted
to molecular chemistry, relies on a careful analysis of (published)
X-ray data to track the occurrence of noncentrosymmetric space
groups eventually upon a decrease in temperature. This strategy
allows one to identify the possible candidates and, through
chemical substitution, obtain efficient materials for nonlinear
optics (NLO),’ ferroelectricity,'® or multiferroicity.'' In mo-
lecular magnetism, the exploitation of symmetry analysis in
Prussian Blue analogues (PBAs) has led to the identification of
compounds adapted for observing magnetization-induced SHG
(MSHG) as well as materials combining magnetism with
ferroelectricity or pyroelectricity.**'2~1> As far as molecular
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chemistry is concerned, a second strategy is possible. It relies © e

el - . e s-polarized
on versatility in the choice of the building blocks to control the incident light

molecular arrangement as well as the spins in the material. In
particular, using enantiomerically pure building blocks rules out
the presence, in the solid state, of any improper symmetry
element among the symmetry operations. Using enantioselective
supramolecular self-assembly involving coordination bonds and/
or weaker intermolecular interactions is thus a very efficient
strategy for synthesizing noncentrosymmetric compounds.'®
Through association with spin bearers such as organic radicals
or transition-metal or lanthanide ions, it has been possible to
introduce magnetic properties and long-range magnetic ordering
in enantiomerically pure compounds.®'” This strategy has
recently been used to crystallize enantiomerically pure single
crystals of a two-dimensional oxalate-based ferromagnet having
the general formula [N(CH3)(n-C3H;),(C*H(CH3)C,Hs)][Mn'-
Cr'(u-C,04);] (designated as N*[MnCr]), which demonstrates
the long-sought enhancement of MChD in the magnetically
ordered state of an enantiomerically pure molecular material.®

Along these lines, we measured the SHG signal resulting from
the noncentrosymmetry induced in N*[MnCr] by the enanti-
oselective self-assembly process. The magnetization-induced
variation of the signal was exemplified and precisely analyzed
by a careful tensor analysis made possible by the single-
crystalline state of the sample.

Experimental Section

Synthesis. The synthesis and crystallization conditions previously
described®'® were used to obtain the single crystals of the studied
compound.

Physical Measurements. The magnetic properties were mea-
sured on a Quantum Design MPMS5 SQUID magnetometer. The
magnetic susceptibility of oriented single crystals was measured
between 2 and 300 K in a 1.0 mT field. During the measurement
of magnetization curves below the Curie temperature under the
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Ti:sapphire,
OPA (1064 nm)

Figure 1. Experimental setup for (M)SHG measurements (BSC, Babinet—Soleil
compensator; P, polarizer; L, lens; F, optical filter; S, sample; A, analyzer;
BF, bandpass filter; PMT, photomultiplier tube).

application of an external magnetic field parallel to the crystalline
c axis, the magnet was reset every time the field crossed zero. The
angular dependence of the magnetization of one single crystal at
zero applied magnetic field was measured at 2 K after slow cooling
at 1.0 mT.

The experimental setup used for the MSHG measurements is
depicted in Figure 1. An optical parametric amplifier (Clark-MXR
Vis-OPA; pulse width, 190 fs; repetition, 1 kHz) pumped by a
frequency-doubled Ti:sapphire laser (Clark-MXR CPA-2001; wave-
length, 775 nm; pulse width, 150 fs; repetition, 1 kHz) provided
the incident radiation (1064 nm). The reflected SHG light (532
nm) was detected by a photomultiplier tube (Hamamatsu R329-
02) through color filters. For temperature-dependent measure-
ments, a cryostat (Oxford Microstat He) was used to control
the temperature of the samples. A hexagonal-shaped N*[MnCr]
single crystal was mounted in the cryostat, as shown in the inset
of Figure 1. An aluminum sample holder was used in order to
ensure efficient thermalization of the sample. The angle of
incidence and reflection on the sample (@) was fixed at 20°.
Thanks to the Babinet—Soleil compensator (BSC) and polarizer
(P), the polarization of the incident light was kept along the Y
axis (s-polarized). The analyzer (A) could be introduced into
the experimental setup in order to perform the polarization
analysis of the SHG output signal. The angle between the
polarizer and the analyzer is denoted as 6. The magnetic field
was applied along the b or ¢ direction using permanent magnets.

Results

In a first series of experiments, the magnetization variations
under the application of an external magnetic field were
measured below the Curie temperature (7¢) of the compound.
Since the compound is known to be a very soft magnet,® the
coercive force was determined with utmost attention in order
to extract reliable values. It thus appears that the coercive force
is as low as 0.3 mT at 2 K and drops to zero at 6 K (Figure 2a).
The results of this accurate study quantitatively show that the
magnetocrystalline anisotropy of the compound is very low. This
is understandable given the weakness of the single-ion anisot-
ropy of sixfold-coordinate manganese(Il) and chromium(III)
ions. Moreover, the low values of the coercive force indicate
that application of low external fields can be used to modify
the orientation of the magnetization in the sample.

A second piece of information that is essential for precise
tensorial analysis of the MSHG is the orientation of the
magnetization at zero field. To determine the easy axis of
N*[MnCr], the rotational dependence of the magnetization at
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Figure 2. Magnetic properties of N*[MnCr]. (a) Thermal variations of the coercive force. (b) Angular dependence of the magnetization measured at zero

field at 2 K (0° is parallel to the ab plane, and 90° is parallel to the ¢ axis).

zero field was measured at 2 K (Figure 2b). It was found that
the magnetization is maximized along the ¢ axis, which is thus
the easy axis of the material. These measurements compare well
with previous experimental reports based on angle-dependent
magnetometry or powder neutron diffraction on racemic'® or
enantiomerically pur62° C[MCr] compounds [C = N(C3H;),",
P(Cg¢Ds)4™]. The orientation of the easy axis perpendicular to
the honeycomb bimetallic layers in [MCr] oxalate-based 2D
networks thus appears to be independent of both the counterion
and the enantiomeric purity. These accurate magnetic charac-
terizations form a solid basis for a correct interpretation of the
expected MSHG signal in N*[MnCr].

The SHG intensity of the powdered sample was measured at
293 K as the intensity of the incident light was increased (see
the Supporting Information). The quadratic variation of the
collected signal is the signature of its SHG origin. Comparison
with the signal measured under the same conditions in potassium
dihydrogen phosphate (KDP) led to a quantitative determination
of the SHG susceptibility of 3.60 x 107" esu at 1064 nm.

The thermal variation of the SHG signal was measured
for a single crystal of N*[MnCr] in a 30 mT magnetic field
applied along the ¢ axis (Figure 3a). Between 50 and 12 K,
the SHG signal stayed constant within experimental error. It
then increased by 40% as the temperature was further
decreased to 2 K. The temperature dependence of the SHG
signal follows the thermal evolution of the magnetization of
the compound (Figure 3b).

Exploitation of the single-crystalline state of the sample
allowed the magnetization to be reversed along the b axis (Figure
1) by applying a £170 mT external magnetic field. Then the
SHG intensity was measured as a function of the angle 6
between the polarizer P and the analyzer A (Figure 1) above
(20 K) and below (2 K) the Curie temperature of N*[MnCr]
(Figure 4). Above T¢, within experimental error, the SHG
intensity was independent of the external field orientation with
respect to both its intensity and its angular variation (Figure
4a). The polarization analysis of the SHG intensity above T¢
showed that the signal was maximized at & = +90° for crossed
polarizations (S;,—P,,) and minimized at & = 0° for parallel
polarizations (Si,—Sou). Below T¢, the orientation of the external
magnetic field acts on both the angular dependence and the
intensity of the SHG signal (Figure 4b): the minimum signal
was found at an extinction angle that changed from 0, = —8.9°
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Figure 3. (a) Thermal variation of the SHG signal for a single crystal of
N*[MnCr] in a 30 mT magnetic field applied along the c-axis. (b) Field-
cooled curve in a 1.0 mT field applied along the ¢ axis.

to 6y = +4.2° when the field was reversed from +170 mT to
—170 mT, and the maximum intensity in the negative applied
magnetic field, I;_, was increased by >30% relative to the value
in the positive applied magnetic field, I,.

Discussion

The SHG susceptibility at 293 K for an emitted wavelength
of 532 nm is 39% that of KDP. This value is much higher than
the value observed in noncentrosymmetric PBAs.'? It empha-
sizes the interest in using enantiomerically pure building blocks
to synthesize noncentrosymmetric magnets. The enhancement
of the SHG intensity when the material enters its ferromagnetic
phase (Figure 3) is related to the modification of the second-
order nonlinear susceptibility tensor upon the appearance of a
nonzero magnetization.' The shift of the extinction angle upon
field reversal (Figure 4b) is 5 times greater than that observed
for FeysCr[Cr(CN)g]+7.5H,0."
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Figure 4. Polarization analysis of the SHG signals measured at (a) 20 and
(b) 2 K with external fields of (a) +170 and (¥) —170 mT applied along
the b direction. The inset emphasizes the angular dependence of the
minimum intensity upon orientation of the magnetization. The lines
correspond to the fit of the experimental data to eq 1 (see the text).

The current study was essentially performed on a single
crystal. Through the use of a simple model that assumes the
(M)SHG effects to be solely related to hyperpolarizability,
mastering the relative orientation of the crystallographic and
optical frames allows the exploration of the possible contribu-
tions from the different terms of the hyperpolarizability tensor
to the (M)SHG in an accurate way. Above T, the SHG intensity
arises solely from the crystalline contribution. The crystal-
lographic space group of N*[MnCr] is P6; which is related to
the 6 point group. The nonzero terms of the third-rank nonlinear
polarizability y* in this point group are given in the Supporting
Information. Incident light polarized along the Y direction of
the optical frame, parallel to the b axis of the single crystal, is
characterized by its electric field Ey,. The nonzero contribution
to the nonlinear polarization is then aligned along ¢ and is equal
to %< Ep. To calculate the SHG intensity, it is necessary to
project the SHG polarization in the XY plane, perpendicular to
the propagation direction of the SHG beam. In the present case,
this projection is along the X direction and is equal to <, Ey>
sin @ (Figure 5a). The SHG intensity Isyg is then proportional
to Iy, > sin? @. When an analyzer is inserted into the
experimental setup (Figure 1), the angular dependence of the
SHG intensity is Iy, |? sin> ¢ sin® 6, which is minimized for 6
= (°, as observed in Figure 4a.

Below T, a magnetic contribution adds to the crystalline one.
This contribution is strongly dependent upon the orientation of
the magnetization. The presence of spontaneous magnetization
indeed causes the breaking of time-reversal symmetry and may
result in the loss of some spatial symmetry operations as well,
leading to less-symmetric space and point groups (see the
Supporting Information).”-*' In the first experiment (Figure 3),
the field was applied along the ¢ axis of the material. Since the
easy axis of N*[MnCr] was demonstrated to be the ¢ axis, when
the field was applied along this direction, the magnetization
remained along this axis. From the symmetry analysis in
magnetically ordered materials,”?' the magnetic space group
in the ferromagnetic phase with the magnetization aligned along
the sixfold helical axis is still P6;. With such an orientation of
the magnetization, the shape of the nonlinear susceptibility
tensor is not influenced by the magnetization (see the Supporting
Information). Indeed, in this configuration, the appearance of
nonzero magnetization is expected to merely modulate the ycpp
term of the total second-order susceptibility tensor, sO ¥y 1S
then the sum of a crystal contribution (denoted yg,) and a
magnetic one (denoted yi¢). These contributions are complex
quantities. They can be written as lyg,| exp(—io) and lyRil
exp[—i(a + 0%53%)]. In fully transparent compounds, 0% is equal
to /% and the total contribution to the SHG intensity is
proportional to Iy, I* + ly%&2. The entry of the materials into
the ferromagnetic phase thus induces an increase in the SHG
intensity, as observed in Figure 3.

When the external magnetic field is applied along the b axis,
the magnetization is aligned along that direction. In such a
configuration, the symmetry of the ferromagnetic compound is
significantly lowered: with a sixfold axis perpendicular to the
ab plane, the a and b directions indeed play an equivalent role,
but this is obviously not the case when the magnetization is
oriented solely along the b axis (see the Supporting Information).
As a result of the ferromagnetic nature of the long-range
magnetic order, the magnetic space group becomes P2;.”** The
ie and yp terms can then be nonzero, while y3 is zero (see
the Supporting Information). The determination of the SHG
polarization is in this case more complicated and deserves to
be described in detail. The projection of the SHG polarization
in the XY plane (perpendicular to the propagation direction of
the SHG wave) is ym¢E,? in the Y direction and (y32 cos ¢ +
Ao sin @)E,? in the X direction (Figure 5b). The projection
along the analyzer direction is thus [ype cos 6 + (e cos @
+ x&, sin @) sin O]E,%. Taking into account the complex
character of the terms of the nonlinear susceptibility tensor
allows these quantities to be written as Iyg,| exp(io), Iyl
exp[—i(a + 0ma9)], and lymael exp[—i(ot + Oma8)], where Iyhael
and lypé#l are the amplitudes of the nonlinear susceptibility of
the magnetic terms and 033 and Opi¢ are the phase shifts
between magnetic term and crystallographic term, respectively.
The intensity of the SHG signal in the ferromagnetic phase is
then given by the following formula:

2 2 -
Iy o< lypel” cos™ 0 + 21yl cos 6 sin O

mag mag __ gmag cr . mag
[la] cos @ cos(Opus — Ome) + lychyl sin @ cos Sy +

c
m mag mag

sin” 0 [Iy17 cos” @ + 21y ellyS, | cos ¢ sin @ cos O +

Cr

el sin” @] (1)

The experimental variations of the signal were fitted using
eq 1. The fit of the signal above T (Figure 4a) gave access to
lxshols and the four other parameters were determined by the
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Figure 5. (a) Above T¢, the SHG is related to the single-crystal contribution along the ¢ axis (blue). (b) Below T¢, the SHG is influenced by the coexistence
of the crystalline contribution (blue) and magnetic contributions along the a (green) and b (red) axes, leading to elliptically polarized SHG. The inset in (a)
shows the single-crystal frame abc, with the ¢ axis perpendicular to the sample hexagonal surface, and the relevant frame for the SHG wave is XYZ, which

is rotated by ¢ = 20° around the b axis).

Table 1. Parameters Extracted by Using Equation 1 To Fit the
Angular Dependence of the SHG Signals Measured at 2 and 20 K
(Figure 4) in an External Field of +0.17 T Applied along the b
Direction?

sl = (20.20 £ 0.09) x 107" esu
lymagl = (3.30 £ 0.08) x 107" esu

lymagl = (1.15 £ 0.09) x 107" esu

ome = 80.8 + 0.7°

OmE = 142.5 £ 5.0°

“The modulus values were converted to esu units using the
procedure described in the Supporting Information.

simultaneous fit of the intensities collected at 2 Kina £0.17 T
external magnetic field (Figure 4b), leading to the values
collected in Table 1. The fits plotted in Figure 4b indicate that
the theoretical expression deduced from the tensorial analysis
of the phenomenon is able to reproduce the main features of
the evolution of the SHG signal when the material becomes
ferromagnetic, (e.g., the variation of the maximum intensity of
the signal and its dependence upon the orientation of the
magnetization as well as the displacement of the minimum and
maximum intensities to angle values different from zero and
7/, respectively).

The parameters obtained using a simple model considering
only the hyperpolarizability effects** indicate that the modulus

(21) Laughlin, D. E.; Willard, M. A.; Mac Henry, M. E. In Phase
Transformations and Evolution in Materials; Turchi, P., Gonis, A.,
Eds.; The Minerals, Metals and Materials Society: Warrendale, PA,
2000; p 121.

(22) Pershan, R. S. Phys. Rev. 1963, 130, 919.
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(24) Fundamental light (1064 nm) and SHG light (532 nm) are partially
influenced by chiral, magnetic, and magnetochiral contributions to the
optical response in a chiral magnet. Here, these contributions were
omitted in the present analysis because their contributions are expected
to be small compared with the observed MSHG properties (rotation
and ellipticity of SHG light).
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of the magnetization-induced nonlinear susceptibility represents
15% of the crystalline term for lygi¢l and 7.5% for Iyl
Moreover, it appears that the phase differences between the
magnetic and crystalline contributions are far from the value
of 7/, expected for transparent media.>* Despite its complexity,
it is possible to use eq 1 to determine the influence of the
modulus and phase of the i and ypi¢ complex terms on the
MSHG. It thus appears that the yi term of the magnetic
nonlinear susceptibility tensor essentially triggers the intensity
of the MSHG while the i term plays a key role in the angular
shift of the MSHG signal through both its modulus and phase.
Let us note that because it allows the phases of )i and ypif to
depart from 77/2,%* the absorption of the compound at 532 nm® is
as an essential feature for the sensitivity of both the MSHG intensity
and angular shift upon magnetization reversal. This point is of
importance for employing this technique in magnetic domain
observation.>> The present observation will be greatly facilitated
relative to the use of linear magneto-optical effects®® because the
angle shift upon magnetization reversal is much larger.”’

Conclusion

In this paper, we have described the accurate measurement
of bulk SHG in an enantiopure chiral magnet as well as MSHG
below the Curie temperature of the compound. Thanks to the
single-crystalline state of the sample, it has been possible to
analyze most confidently the observed properties in a qualitative
and a quantitative way by combining tensorial and symmetry

(25) Fiebig, M.; Frohlich, D.; Leute, S.; Pisarev, R. V. Appl. Phys. B: Lasers
Opt. 1998, 66, 265.

(26) Ferré, J.; Jamet, J. P.; Pommier, J.; Beauvillain, P.; Chappert, C.; Mégy,
R.; Veillet, P. J. Magn. Magn. Mater. 1997, 174, 77.

(27) (a) Train, C.; Beauvillain, P.; Mathet, V.; Penissard, G.; Veillet, P.
J. Appl. Phys. 1999, 86, 3165. (b) Sato, Y.; Ohkoshi, S.; Arai, K.;
Tozawa, M.; Hashimoto, K. J. Am. Chem. Soc. 2003, 125, 14590.
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analysis in both the paramagnetic and ferromagnetic phases.
The latter case requires the nontrivial use of the magnetic point
group.” Using a model limited to hyperpolarizabilities, this
analysis has allowed the identification of the parameters that
govern the MSHG effect in such materials. It has shown in
comparison with linear magneto-optical effects, the magnetic
contributions to the nonlinear susceptibility can represent up to
15% of the crystalline one and lead to very large rotation angles.
The absorption of the medium for the incoming and/or emitted
radiation appears as an important parameter that allows the
observation of magnetic domains by MSHG for both out-of-
plane and in-plane magnetization.

The measurement and interpretation of bulk MSHG in an
enantiopure chiral magnet demonstrates that enantioselective
self-assembly of chiral molecular magnets is a demanding but
versatile way to design and obtain multifunctional molecular
magnets in their crystalline form. Pursuing this strategy will
afford new systems that will lead to new MSHG experimental
data. The comparison of this enhanced set of data to our model
or to more sophisticated ones that include both local and
nonlocal effects on the MSHG will lead to a deeper understand-
ing of such optical effects.
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