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ABSTRACT: We investigate giant magnetoelectric coupling at a Mn3* spin crossover in [Mn'L]BPh4 (L = (3,5-diBr-sal)2323)
with field-induced permanent switch of the structural, electric and magnetic properties. An applied magnetic field induces a
15t order phase transition from a high spin/low spin (HS-LS) ordered phase to a HS-only phase at 87.5 K that remains after
the field is removed. We observe this unusual effect for DC magnetic fields as low as 8.7 T. The spin-state switching driven by
the magnetic field in the bistable molecular material is accompanied by a change in electric polarization amplitude and direc-
tion due to a symmetry-breaking phase transition between polar space groups. The magnetoelectric coupling occurs due to a
yn? coupling between the order parameter y related to the spin-state bistability, and the symmetry-breaking order parameter
1, responsible for the change of symmetry between polar structural phases. We also observe conductivity occurring during
the spin crossover, and evaluate the possibility that it results from conducting phase boundaries. We perform ab-initio calcu-
lations to understand the origin of the electric polarization change as well as the conductivity during the spin crossover. Thus
we demonstrate a giant magnetoelectric effect with a field-induced electric polarization change that is 1/10 of the record for

any material.

Introduction

Magnetoelectric (ME) coupling occurs when magnetic
field H influences the electric polarization P and dielectric
constant, and/or the electric field E influences the magneti-
zation M. Applications include electric control of magnetic
qubits, as well as magnetic sensors, data storage, and tuna-
ble antennas and other frequency devices.!> ME coupling is
sought after in insulating materials since the large power
dissipation from electric currents in conducting materials is
eliminated.? 68 To date, the necessary materials to satisfy all
needed applications of ME coupling have not been found.
Traditionally, it has been common to study ME coupling in
inorganic oxides with ordered magnetic spin orientations,
such as (anti)ferromagnets.®1® Here we demonstrate ME
coupling in a molecule-based spin crossover (SCO) complex
exhibiting magnetic-field driven spin state bistability.

In general, SCO occurs in transition-metal complexes with
d*-d’ electrons, such as the S = 1 to S = 2 transition in Jahn-
Teller active Mn3+11-18 SCO is attractive for ME coupling
since it can trigger large changes in lattice parameters due
to the change in the orbital occupancy of d-shell ions. SCO
complexes containing Mn3+* are particularly interesting due
to the additional strain from Jahn-Teller effects in the HS
state. SCO behavior is common mostly between ~50 and
400 K in metal complexes with organic ligands since they
can often accommodate the strain.13.16,18-20

Most metal-organic complex that exhibit SCO are para-
magnets, e.g. there is no magnetic exchange that is signifi-
cant compared to the energy scales of the SCO. However,
spin crossover materials can show cooperative phase tran-
sitions since the spin states can couple to each other via
strain.16 21-22

ME coupling in SCO materials is a relatively new field
and has been reported in a few compounds including
Mn(taa)?325 (H-induced AP), [Fe(Htrz)z(trz)](BF4)2¢ and

[Fe(HzB(pz)2)2(bipy)]?’, (E-induced AM). Another com-
pound [Fe(bpp)2]?* shows ferroelectric and spin crossover
behavior though coupling has not yet been demonstrated.?8
Magnetic field-induced SCO has a longer history and has
been studied in a number of materials. Most of these exhibit
partial SCOs at very high magnetic fields >30 T achieved by
pulsed magnets.?> 2935 Recently, sub-nm SCO devices have
been demonstrated with very fast switching speeds and no
degradation after 107 cycles above room temperature, mak-
ing these attractive for switching applications.3¢-37 SCOs in
hybrid configurations with ferroelectrics or piezoelectrics
are also a route to ME coupling, analogous to similar work
in oxides.38-40

Here we report ME coupling at a cooperative SCO at a
relatively low field of 8.7 T in mononuclear Mn3* complex
[Mn(3,5-diBr-sal)2323]BPhs (abbreviated [Mn'L]BPhs
(1)).4* The SCO is coupled to a structural phase transition
between different polar space groups, resulting in a very
large ME coupling. This material was previously reported to
show an incomplete thermal SCO centered at 86 K between
anS=1/S =2 state (HS-LS) and a higher temperature (> 90
K) pure S = 2 (HS) state of Mn3+. The low-temperature phase
is a polar P1 phase with a structurally-ordered 1:1 ratio of
LS and HS Mn3+ sites, while the higher temperature phase in
space group Pc contains two HS Mn3+ sites (Figure 1a-c). An
additional Cc HS phase forms above 250 K. We present elec-
tric polarization and magnetization experiments on single
crystals in DC fields up to 13 T as well as millisecond pulsed
fields up to 65 T along with ab-initio calculations of the mag-
nitude and directions of the electric polarization vector
(Figure 1a-c).

Results and Discussion

Magnetization and electric polarization



The magnetic susceptibility of a single crystal of (1),
plotted as yuT vs T, manifests a SCO as a sharp increase in
xuT centered at 88 K on warming (T+1= 88 K) and at 86 K
on cooling (T%|= 86 K). Values of ymT are consistent with
the HS-LS and HS spin states (Figure 2a).*! M(H) was meas-
ured at T =87.5 Kin DC fields while H was swept from 0 —
13 - -13 - 13 — 0 T. The Brillouin functions in the HS-LS
and HS states are shown as dotted lines. The slight deviation
from the data is consistent with demagnetization factors in
this irregular crystal with sharp corners. This data shows
that after an applied magnetic field switches the system to
the HS state, the sample remains in this HS state even if the
magnetic field is removed as long as temperature remains
unchanged (Figure 2b).

H-induced SCO behavior has most often been reported
above 30 T, achieved with capacitor-driven pulsed mag-
nets.24 29,3442 Thus, the observation of SCO behavior as low

a 250Kk, Cc

b 110K, Pc

as 8.7 T is unusual.?> Moreover, the hysteretic "trapping’ of
the HS state is also a significant finding. Such trapping is
usually only observed when these materials are exposed to
light (light-induced excited spin-state trapping - LIESST).43-
45 In the case of complex (1) the spin state is switched with
amagnetic field in a permanent hysteretic fashion. This per-
manent switching can occur in two scenarios: (1) the sys-
tem is initially in the ordered spin (HS-LS) state in zero field
at 87.5 K, but that state is a metastable excited state of the
free energy at zero field. The magnetic field then assists the
transition towards the HS stable state, which remains per-
manent after the field removed. Alternatively, in scenario
(2) the HS-LS ground state initially present at zero field
transitions to a new HS ground state in applied H. After re-
moval of H the system remains trapped in the now metasta-
ble excited HS state. The latter case could be termed mag-
netic field-induced spin-state trapping (MIESST).

c83K, PI

Figure 1. Packing diagrams of [Mn!"'L]|BPh4 (1) with a, HS Cc phase measured at 250 K, b, HS Pc phase measured at 110 K, ¢, HS-LS
P1 phase measured at 83 K. Mn3+ atoms are represented as polyhedra made up of 6 chelating donor atoms in a, b, ¢, color-coded
according to spin state as red (S = 2), yellow (S = 2), blue (S = 1) and green (S = 1). Structures are shown as stick figures. Donor atoms
and the boron atom in the counteranion BPh4™ are shown as ball-and-stick figures. Hydrogen atoms are omitted for clarity. The ionic
centres are labelled (+, orange) and (-, blue) respectively. The thin dashed quadrilaterals show the distance between the cationic
and anionic part of the molecule. The calculated direction and relative magnitude of bulk electric polarization P in the same reference
frame (shown by the inset cartesian coordinate axes) for all three phases is represented by the pink arrows below each subfigure
and has a component along the b axis only in the P1 phase. The packing diagrams with P in other orientations can be found in Figures

S$1-S3 in the Supporting Information.
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Figure 2. a, ymT vs T of a single crystal for H [/ ¢ = 0.1 T with a zoomed view in the inset. b, M vs poH (red points) showing a
hysteretic H-induced SCO. Data was taken at T = 87.5 K with a history of warming from 70 K, measured for H swept from 0 T
to13T(1),13Tto-13T(2),-13Tto13 T (3)and 13 Tto O T (4) at 0.01 T s'1. The Brillouin functions for HS S = 2 and for the
HS-LS ordered state with 1:1 ratio of the S = 1 and the S = 2 states are shown as dotted lines. The data shows the SCO from
the HS-LS ordered state to the HS state at 8.7 T on the first upsweep, and then the system remains in the HS state for the
subsequent field sweeps. ¢, M(poH) from 0 T - 13 T - 0 T at different temperatures T as indicated. M(poH) is measured with a
history of warming from 70 K to the desired T as shown. d, The same data plotted as M/oH for clarity. The H-induced SCO
behavior can be seen at 87.5 K and 87.25 K (thicker lines). e, AP vs T at H = 0. f, AP vs WwH under the same experimental
conditions of warming from 70 K. At 88.4 K, AP is shown twice to demonstrate the reproducibility of the switching. The jumps
during the transition in AP are not noise - rather they are observed in several different crystals and are likely due to polar
domain reorientations. All data was measured with the long axis of the crystal, the c axis in phase Cc, parallel to the field.
Different samples were used in a,b and c-f resulting in slightly different critical fields.

and 10mT s (see Figure S7-S8, Supporting Information);
and the possibility of substrate strain contributing to the
hysteresis was eliminated by measuring loose crystals, as
described in the Supporting Information.

One example was shown in a Figure by Nakano et al.?>
but was not investigated further. Such switching should
however be a general feature inside the region of bistability
of the temperature hysteresis. The ME coupling is investigated in Figure 2e-f, showing
the electric polarization change AP along the c-axis that ac-
companies the SCO as a function of T and H respectively.
Similar to M, AP shows trapping of the HS state after re-
moval of H. The steps and breadth of the transition in P were
reproduced in several samples - they may result from polar
domain reorientations. Indeed, in the Pc HS phase, P lies in
the ac plane, while in the P1 phase two ferroelastic domains
form with an additional component of P along +b due to the
loss of the glide plane.

We further investigate the H-induced switching at dif-
ferent T in Figure 2c-d. The data was taken with a history
of warming from 70 K to the measurement T, while data
with a cooling history from 110 K is shown in Figure S6 of
the Supporting Information (SI). The data demonstrate that
the switching occurs for T = 87.25 and 87.5 K, in the imme-
diate vicinity of T..

We have considered and eliminated several potential ar-
tefacts that could contribute to the permanent switching: T
was kept stable during the measurement; the data is inde-
pendent of the H sweep rate for dH/dt = 2 mTs, 5 mT st
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Figure 3. M(H) in pulsed magnetic fields for a, rising fields and b, falling fields at different temperatures T as indicated after a history
of cooling from 110 K. Dashed lines are Brillouin functions for the HS states (S = 2) with the upper blue and lower red lines for a
given spin state corresponding to the lower and higher T, respectively. Similarly, short dashed lines show the Brillouin functions for
the HS-LS ordered state. ¢, AP(H) in a pulsed magnet for c, rising fields and d, falling fields. Data is measured after a history of cooling
from 110 K to the final measurement T between every magnetic field pulse. Corresponding data with warming history is shown in
Figure S9-S10. e, Pulsed field H-T phase diagram showing the HS-LS ordered and HS states, and the region of hysteresis in the 1st
order H-induced phase transition. Data is shown for a history of cooling from 110 K and warming from 70 K for f. Data points in the
phase diagram are determined from the midpoint in the H of the transition for pulsed field polarization (red dots) and magnetization
curves (black dots) respectively. Arrows in the legend indicate whether H is sweeping up or down. Oscillations in the downsweep

data are due to mechanical vibrations.

Notably AP(H) in (1) is giant - of the same order of mag-
nitude as in Mn(taa),?* significantly larger than that of most
molecule-based magnetic materials,*¢-51 and about 1/10 of
the record for any material.52 Additional electric polariza-
tion and dielectric constant data are shown in the Support-
ing Information along with an extended discussion of how
artefacts are ruled out.

Magnetic and electric properties in high fields using ca-
pacitor-driven pulsed magnets were also measured in order
to explore the phase diagram over a broader T and H range.
Figure 3 shows AM(H) and AP(H) up to 65 T. In Figure 3a,b,
AM(H) is shown for upsweeps and downsweeps of H to-
gether with the Brillouin functions expected in the HS-LS or-
dered and HS states. Here the high field can induce SCO also
outside the thermal region of bistability, down to 75 K in
WwoH up to 65 T. AP(H) in pulsed fields is shown for up- and
downsweeps of the field (Figure 3c,d). AM(H) and AP(H)
show transitions consistent with each other.

In agreement with the DC field data, we observe an ap-
parent permanent switching effect in the data with a history
of warming. However, in evaluating H-induced switching ef-
fects, we note that whereas we can be certain of T stability
in DC measurements by comparing data taken with differ-
ent long temperature stabilization times, we cannot guaran-
tee T-stability in pulsed fields since there is limited time to
thermalize the sample. The SCO can generate heating or

cooling due to entropy changes or irreversible heating ef-
fects. Thus, we report H-induced switching in DC fields but
do not confirm it pulsed fields.

Phase Diagram

The phase transitions in DC and pulsed fields are sum-
marized in the H-T phase diagram in Figure 3e,f. The H-in-
duced SCO and its accompanying ME effects can be ob-
served for two T regimes: (1) within the region of bistability
and (2) outside it. Within the bistable region, the slope of
the H-T phase boundary is steepest. Since it is a 1st order
phase transition, the two phases have similar energies sep-
arated by an energy barrier. A change in H or T then alters
the free energy landscape until it becomes energetically fa-
vorable for the new phase to overcome the barrier, nucleate
and propagate.

The second T regime occurs outside the region of bista-
bility, well below Ty%. Here, the slope of the H-T phase
boundary abruptly becomes much shallower. In this T re-
gime, there is a free energy difference between the LS/HS
and the HS state that must be closed by the Zeeman effect,
which determines the slope of the phase diagram. Once the
magnetic field closes the free energy gap the mechanism de-
scribed in the previous paragraph, takes over. These two
mechanisms can be expected to create different slopes in
the H-T phase diagram. From a mean-field extrapolation we
estimate that H needed to induce the SCO at zero T in pulsed
fields is ~150 T. Finally we note that in the compound



Mn(taa) and other SCO materials with 15t order phase tran-
sitions, the transitions in pulsed magnets are pushed to
higher fields than in DC magnets due to the competition be-
tween the speed of the pulse and the speed of domain nu-
cleation and growth. 24,53-60

One particularity of the present system is that we ob-
serve ME coupling in a system with two coupled order pa-
rameters: (1.) the high spin fraction y and (2.) the sym-
metry-breaking structural order parameter n that describes
the HS-LS order, and which is associated here with a ferro-
elastic shear as the HS-LS order implies the loss of the c glide
plane. In the HS phase, y = 1 and n = 0, while in the HS-LS
phase the symmetry-allowed yn? coupling term stabilizes y
=1/2 and n # 0.461-62 |t is the coupling between the spin
state and the structure that causes the SCO to become a 15t
order phase transition, as opposed to a gradual crossover.
In the present case, n allows for AP along a, b, and c. As H
drives switching fromy =1/2 toy = 1, yn? also tunes a sym-
metry change between the HS-LS ordered phase and the HS
phase and consequently the orientation of P.

Calculations of the electric polarization

The origin of the measured AP along the c axis is a struc-
tural phase transition between polar space groups during
which molecules tilt and distort, with the Jahn-Teller distor-
tion being a dominant contribution.*! Due to symmetry
rules, the polarization vector must be in the a,c plane of the
HS Cc and Pc structures. As the c glide plane is lost in the HS-
LS P1 structure, the lattice vector b is no longer perpendic-
ular to a and ¢, which allows the polarization along b to be-
come non-zero and of opposite sign between the ferroelas-
tic domains.

Table 1. Calculated AP of (1) in the coordinate system of the HS
Cc phase for all three structural phases. The values are given
along the principal axes of the HT phase.

Phase (HS-LS) (HS) (HS)
Temperature 4-83K 83-250 K > 250K
Lattice Triclinic Monoclinic ~ Monoclinic
Space Group P1(1) Pc (7) Cc (9)
Pa(edu.c) 4.78 3.72 2.74

Py (ed u.c.) 0.29 0.00 0.00

Pe (ed u.c1) 8.75 5.50 6.74

Pa (mC'm-2) 18.0 13.9 10.0

Pp (mC-m2) 1.10 0.00 0.00

Pc (mC'm2) 33.0 20.6 24.7

We have calculated AP by a density functional approach
based on the changes in crystal structures and spin states of
(1) (Table 1). We perform these calculations for the three
phases: P1 (HS-LS) below 83 K, Pc (HS) between 83 and 250
K, and Cc (HS) above 250 K.#! In order to compare AP, the
calculations were all performed in the unit cell orientation
of the HS Cc phase.

The component of P along the b axis (relative to the HS
Cc phase) is zero for both HS Cc and Pc phases while it has a

non-zero value of 1.1 mC-'m~ for the HS-LS ordered PI
phase. The calculated value is an order of magnitude larger
than the measured value. Such discrepancies are commonly
seen in ferroelectric materials and may result from domain
formation in the real crystal. In the present case we directly
observed the formation of ferroelastic domains with oppo-
site polarization components along the b axis in X-ray dif-
fraction experiments.*! Thus if domain-free crystals could
be created, even larger ME effects would be expected.

Conductivity during the SCO

We have investigated the effects of applied electric fields
E on the electric polarization. At a constant T and H = 0,
measurements of P(E) did not show any ferroelectric hyste-
resis for E up to 200 kV m-1, This is very likely due to the fact
that switching electric polarization means switching ferro-
elastic domains. However, we do find conductivity occur-
ring during the SCO. Figure 4a,b shows the change in
charge AQ measured while crossing the SCO as a function of
T. The quantity AQ is the total charge that flows to the sam-
ple’s capacitor plates during a measurement, and is usually
equal to the electric polarization change AP. However here
we refer to this data as AQ rather AP because we suspect
there is an additional contribution to the total charge from
current passing through the sample due to conductivity dur-
ing the SCO. Figure 4a,b shows AQ(t) in a constant E of 0,
200 kVm, or -200 kV m-1, measured while T was swept up
and down across Tyx. The AQ(¢t) plot reflects the expected AP
when crossing the SCO, plus an additional component oc-
curring only at the SCO. This second component follows the
sign of E and is irreversible, causing AQ at the SCO to climb
with each successive T sweep. Since it is unlikely that AP in-
creases continuously to infinity, it is more likely that the
sample becomes conducting during the process of the phase
transition allowing charge to pass through the sample. We
estimate that the resistivity of the mm-sized sample must
drop to a few G (hundreds of MQ-cm) during the SCO for
this effect to occur. On the other hand, the samples are ro-
bustly insulating with resistances greater than Tf) and loss
tangents of < 1 x 105 outside the region of the SCO. We were
unable to capture the conducting phase by pausing the tem-
perature sweep.
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Figure 4. Evidence of conductivity during SCO (1). a, Change in surface charge AQ as the temperature T is swept up and down
between 65 and 100 K across the SCO temperature T1/2, measured while applying electric fields E of 0, 200 kV m* and -200
kV m. b, T vs time on the right axis and AQ for E = 0 on the left axis corresponding to the data in a. We interpret AQ as
containing two components: a change in electric polarization AP occurring at the SCO phase transition that is of similar size
for increasing and decreasing T, and a voltage induced current that occurs at the moment of the phase transition. Std. errors
are smaller than line widths. ¢, (upper) the total DOS and projected DOS (PDOS) for (middle) HS and (lower) LS Mn(3d) in the
HS-LS ordered phase. Positive and negative values refer to the spin-majority and spin-minority channel, respectively. The
dashed orange and blue circles refer to HOMO and LUMO, respectively. Zero energy is the top of HOMO as well as the Fermi
energy. d, Same as c but for the h* doped HS-LS ordered phase. The dashed red circles refer to the state at the Fermi level. e.
Schematic of how extra charge at the phase boundary can create a polaron.

Thus a likely source of the conductivity is the dynamic
phase boundary that forms between the HS-LS ordered
phase and the HS phase during the reconstructive 1st order
phase transition. This phase boundary is ferroelastic and
such phase boundaries between polar phases can often be
charged and/or conducting. 41 63-65

We performed density of states (DOS) calculations to in-
vestigate the effect of extra charges at the phase boundary.
The extra charge can oxidize or reduce Mn3* to Mn** or Mn?*
respectively depending on the sign of the charge. We fo-
cused our calculations on the Mn3* ions that transition from
LS to HS during the SCO. Figure 4c,d show the DOS and the
projected density of state (PDOS) of Mn(3d) orbitals in the
HS-LS ordered phase and in the HS phase. If the phase
boundary is negatively charged, the added electron can only
be located at the lowest unoccupied molecular orbital
(LUMO). This is the spin-majority Mn(3d) orbitals of the HS
state (the blue circle) of which the spin state is unchanged
during the phase transition, making negatively charged
boundaries trivial. If the boundary is positively charged, the
added hole or positive charge can be located at the highest

occupied molecular orbital (HOMO), which is the spin-ma-
jority Mn(3d) orbital set of the HS or the spin-minority
Mn(3d) of the LS (the orange circle).

Figure 4d shows the DOS results of the HS-LS ordered
phase with one h* per unit cell doped. The total magnetiza-
tion is 12.5 pg, namely about 0.75 h* are doped on spin-mi-
nority LS Mn3* and 0.25 h* are doped on spin-majority HS
Mn3+, so that the LS Mn3* has high probability to be activated
into Mn** with positively charged boundaries. Furthermore,
with the doped charge, the HOMO with duplicated degener-
acy (the red circle) at each spin channel lies at the Fermi
level because there are two LS and two HS Mn3* in one unit
cell. This does not necessarily mean that a metallic band
structure emerges at the charged boundaries.®¢-¢7 Rather,
given the GQ resistance and molecular nature of the crystal
we postulate conduction by polaron hopping, which are the
quasiparticle carriers in many conductive molecules®8-¢° in-
cluding SCO materials.”%-7! After the optimization of the h*
doped structure, the splitting of those peaks is only 5 meV
for spin-majority and 10 meV for spin-minority, respec-



tively. This difference between two LS or two HS Mn(3d) or-
bitals at the Fermi level is tiny. It indicates that one unit cell
cannot trap one hole at the measured temperatures, and
thus it is more likely that polarons are dynamic with large
sizes. During the SCO, the energy from the changing of pho-
nons and the formation of boundaries is large enough to
generate polarons. Once a positive polaron is formed, the
activated Mn#* transforms to HS Mn3+. Figure 4e displays
how a LS Mn3* at the positively charged boundaries become
HS Mn3* and meanwhile generates one positive polaron in
the framework of our theory. The diffusion of polarons can
further activate nearby LS Mn3*, so that it accelerates the
SCO with lower energy. To confirm this, we excite one of two
LS Mn3* into the HS by doping with a h*. The total energy
increases only 8 meV. This energy difference is smaller than
that of the undoped situation (22 meV) as well as the SCO
energy per Mn between the HS-LS ordered and HS phase
(31 meV). It indicates that the charged boundaries can re-
duce the energy required for the SCO.

Conclusion

In conclusion, we have demonstrated cross coupling be-
tween spin state, structure and electric polarization in
[Mn'L]BPh4 (1). Near the SCO critical temperature, we ob-
serve magnetic field-induced permanent switching of the
spin state, structure and electric polarization due to a 15t or-
der phase transition. The SCO behavior, monitored through
the evolution of the HS fraction y from % to 1, is driven by a
field as low as 8.7 T, which is remarkably low compared to
most other magnetic field-induced SCO materials. Due to
the yn? coupling, the HS state stabilizes the high symmetry
phase with n = 0 and consequently suppress the polariza-
tion component along the b axis. We also note that conduc-
tivity is observed during the SCO, though not outside of it,
and likely originates from polaron hopping at the charged
phase boundaries forming during the 15t order reconstruc-
tive phase transition that accompanies the SCO. AP(H) is
1/10 of the record for any material.>2 Thus the combination
of relatively low magnetic field switching, and giant ME cou-
pling showcases the potential for multifunctionality and ap-
plications in SCO materials.
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Giant magnetoelectric coupling is observed in a Mn3+ spin crossover complex, [Mn"L]BPhs (L = (3,5-diBr-sal)2323). Magnetic fields
induce both a spin crossover and a structural phase transition between different polar space groups. This giant magnetoelectric effect is
moreover hysteretic - once switched by fields the spin state and electric polarization change remains trapped.
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1. Additional methods

Sample Preparation: The details of preparation of single crystals of [Mn'"L]BPhs (1) are given
here.!

DC and pulsed magnetic field measurements: M was measured in a Vibrating Sample
Magnetometer (VSM) in a 13 T Physical Properties Measurement System (PPMS) by Quantum
Design. In the same PPMS, a custom probe with coaxial cables was used to measure electric
polarization and conductivity across capacitor plates applied to the ab-faces of a single crystal
using silver paint.* Measurements along other axes yielded much smaller AP(H). H || ¢ and H
1 ¢ gave the same results. The dielectric loss tangent of the crystals was < 1-107° at 70 K, away
from the spin crossover. AP(T,H) or AQ(T,H) was determined using a Keithley 6517A
electrometer. Dielectric constant was measured with an Andeen-Hagerling 2500A capacitance
bridge at 30 V and 1 kHz.

Pulsed field measurements of the magnetization and electric polarization were performed in
capacitor-driven resistive magnets up to 65 T with a few milliseconds rise time. The magnetic
field vs time is shown in Figure S4. The pulsed field magnetization was determined by an
inductive technique in compensated coils® with sample-in sample-out background subtraction.
AP(H) was determined by recording the H-induced change in surface charge with a Stanford
Research 570. Where not otherwise marked, measurements were conducted on one single
crystal for magnetic and electric fields along the ¢ axis. T was controlled using “He gas or liquid
via a Cernox thermometer mounted near the magnetization sample or on sapphire together with
the polarization sample. Throughout, standard errors are smaller than linewidths and point size
when not shown.

DFT calculations: First-principles calculations were carried out using density functional theory
with the projector augmented wave potential® as implemented in the Vienna ab-initio simulation
package (VASP).”8 The plane-wave functions, expanded with an energy cutoff of 600 eV, were
employed throughout calculations. The exchange-correlation energy was described by the
generalized gradient approximation in the Perdew, Burke, and Ernzerhof form.® The spin states
from the experiment were used. DFT-D3 method with van der Waals correction'® was employed
for structure optimization and all forces on each atom were converged to 10 meV Al The
polarization vectors were obtained by the evaluation of the Berry phase expressions.!! For
electronic structure calculations, we employed plus Hubbard U method!'? with U= 3.0 eV, J =
0.9 eV on Mn(3d) orbitals to describe 3d electrons of Mn. The k points are sampled on a T'-
centered 3 X 2 X 3 mesh.

2. Artefacts supplementary discussion

Conductivity artefacts: The millimeter-sized single crystals showed loss tangents less than
1x10° measured by a capacitor bridge at 1 kHz. Thus conductivity artefacts in the
measurements can be ruled out. A momentary change in conductivity during the spin crossover
is described in the main paper.

Voltage artefacts: In general there can be expected to be voltage across the sample at all times
due to Schottky barriers between the capacitor plates and the sample and/or thermoelectric
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effects in measurement wires. Differences in the Schottky barriers of the two capacitor plates
on either size of the sample cause a net voltage of a few to tens of mV. This can be observed
e.g. in Figure 4 where the “0 voltage” data is consistent with a small net voltage.

Dilatometry artefacts: Another artefact to consider is the fact that the sample changes volume
by around half a percent during the spin crossover transition where we measure the change in
electric polarization. This means that the distance between the capacitor plates and the surface
area of the sample will change. If there is a voltage across the sample, this length change could
produce a change in the capacitance, and thus a change in the measured electric
polarization. Qualitatively we can rule out such an artefact because 1) it would scale with the
voltage across the sample, and 2) it would be reversible in temperature since the length change
is the same when traversing the SCO in both directions. We did not observe such a signal that
is reversible and scales with voltage.

However, a quantitative argument to rule out such a dilatometry artefact is given below. A
typical sample has a dielectric constant € near 3, a capacitance C of 1.3x107'* F with a 0.5 mm?
surface area A4 of the capacitor plate, a 0.5 mm distance between plates d, and a 0.28% change
in d at the spin crossover. Given the equation for capacitance of a parallel plate capacitor, and
the largest voltage applied in our experiments of 100 V e.g. in Figure 4, we can calculate the
change in charge on the capacitor plates due to a 0.28 % change in distance between capacitor
plates, 6d/d =.0028

C=y=% 1)
C+6C=2-(1+6Q/Q) == (1 - 6d/d) )
5 -éd

=) 9

0= -0~ () (%)
((3-M)(0.5-10—6m2)-(1oov)

m

0.5-1073m

)(. 0028) = —7.4-10715C (4)

Per unit surface area:

80 -7.410715¢ _g mC
A - (0.5-10-3m2 ) =-148-107 m2 ®)

This dilatometry artefact is eight orders of magnitude smaller than the measured changes in
electric polarization and can thus be safely neglected. A similar calculation shows that changes
in the surface area A of the plates cause negligibly small artefacts.
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Pulsed field artefacts

Magnetization backgrounds

The magnetization is recorded by a coil that experiences an induced voltage as the magnetic
field through the coil changes. The magnetic field can be caused by the external 65 T magnet
or by the sample itself. The coil is counterwound to exclude the mostly spatially uniform 65 T
magnetic field — e.g. the inner windings are wound clockwise and the outer windings are anti-
clockwise. The coil is designed such that a spatially uniform magnetic field will cause minimal
signal in the coil. On the other hand, the sample located inside the coil does not create a spatially
uniform magnetic field, and thus its signal will be different in the inner clockwise windings
compared to the outer anti-clockwise windings, and a net signal will occur in the coil. The
background of the external 65 T magnetic field is subtracted in a three step process: 1) The
magnetization pickup coil is counterwound. 2) Since the counterwinding is not perfect,
especially as the coil thermally contracts at low temperatures, the signal from an additional
single turn of the coil is measured and a fraction of it is subtracted by an electronic circuit, such
that the background with the sample outside of the coil is zero. 3) The coil is measured once
for the sample in the coil and once for the sample outside the coil. The sample can be moved in
and out of the coil without warming the system.

Additional backgrounds are caused by vibration of the magnetometer during the sudden
millisecond magnetic field pulse. These backgrounds cause oscillations that are noted in the
figure caption of the main paper.

Electric polarization backgrounds

In millisecond pulsed magnetic fields, backgrounds of the electric polarization were measured
separately and found to be negligibly small compared to the sample’s measured electric
polarization.

Heating or cooling

A thermometer is mounted near the sample for magnetization measurements and on a sapphire
plate together with the sample for electric polarization measurements. Additional
thermalization is provided by helium gas. The thermometer records the temperature before each
magnetic field pulse. During a magnetic field pulse, heating can occur due to eddy currents in
metallic objects. We find this heating to be negligible in polarization and magnetization
measurements.

Heating can also occur due to magnetocaloric effects — we find this to be usually negligible but
it can be significant when unusually entropic events take place such as spin crossover behavior.
Since there is very little time for the sample to exchange heat with its substrate, it is in a quasi-
adiabatic thermal situation. Thus entropy changes in the sample’s magnetic properties can cause
heating or cooling.

This effect is negligibly small in the HS-LS ordered state or the HS state, however the entropy
change is more significant at the spin crossover, which can cause cooling as the sample
transitions from the HS-LS ordered state to the HS state.[' In addition, domain motion and
physical motion of the sample changing shape during the first order phase transition can cause
irreversible heating. However, since the temperature changes do not happen until the spin
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crossover occurs, we can accurately find the magnetic field where the spin crossover onsets on
upsweep.

DC field artefacts

In DC fields, measurements are conducted slowly enough (1 K min™") for the sample to remain
at constant temperature, and the temperature is monitored continuously during the
measurements in both electric polarization and magnetization measurements. Backgrounds for
magnetization and electric polarization measurements are negligible or subtracted.

Substrate strain effects

One question that arises is whether the MIESST effect in our measurements is intrinsic, or
whether it results from strain effects since the sample is affixed to a substrate. The sample
undergoes a volume change of about 0.5 % and length changes of 1.1 %, 1.4 % and 0.28 %
along the a, b and ¢ axes respectively at the SCO referenced to the Cc unit cell.l One could
speculate that the fact that the sample’s length is physically constrained on one surface by a
sample holder could introduce hysteresis and prevent the sample from returning to the HS-LS
state after the magnetic field is removed. The electric polarization sample is a single crystal
with dimensions between 0.5 and 2 mm that are glued down on one surface with GE 7031
varnish. The magnetization samples consist of several smaller samples affixed to a sample
holder with Apiezon N grease or GE 7031 varnish and are thus potentially constrained on all
surfaces. We rule out this hypothesis by measuring the magnetization of single crystals that
were loosely placed in a capsule without any grease or glue. We find that the MIESST effect
can be observed both for glued down and loose crystals, showing that it is an intrinsic effect.
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3. Distances in X-ray structure between Mn’" cations

250K, Cc 110 K, Pc

a

Figure S1. Intermolecular distance between Mn>* complex cations in the three different phases
of (1) showing the increase (blue and green LS Mn*" complex cations) and decrease in distances
(green LS and red HS Mn*" complex, and red and yellow HS Mn>" complex cations) in the P]
phases compared to the Pc and Cc phase.

4. Direction of polarization viewed along the b axis

250 K, Cc 110 K, Pc

l/\g\ \\

e /\\
2 s

.; _x r7
P J
Figure S2. Structure and packing of [Mn""L]BPh4 (1) viewed along the b axis for the HS Cc
cell with the other two structures orientated accordingly. The directions of bulk electric

polarization are shown on the left side of each subfigure.
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Direction of polarization viewed along [101] direction

110 K, Pc
b

S.

250 K, Cc

- Ny
7

Figure S3. Structure and packing of [Mn"'L]BPhs (1) viewed along the [101] direction for the
HS Cc cell with the other two structures orientated accordingly. The purple planes in the
structures indicate the glide planes in the Cc and Pc structure which are lost in the P/ structure.
The directions of bulk electric polarization are shown on the left side of each subfigure.
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6. Duration of the pulsed magnetic field

0 20 40 60 80 100
Time (ms)

Figure S4. The pulsed magnetic field in a 60 T pulsed field magnet plotted as magnetic field,
woH (T) vs time (ms). The magnetic field is measured by the voltage induced in a copper coil
and calibrated to a known standard, or to characteristic quantum oscillations that occur at high
fields in copper.
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7. Dielectric constant
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Figure S5. The dielectric constant € as a function of temperature 7 measured at zero field, H =

0, for the electric field in £ 1 H and E || H configurations measured on two different single
crystals. The arrows indicate the direction of the temperature sweep.
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8. Magnetization M vs 13 T DC field poH in cooling mode

Cooling from 110 K

0.75 T T T T T T T T T T T T T
d 95 K
0.60+ 89 K
90 K 3z | —
- =30 K
; 0.45 = 0.052-
o 80 K 86.5 K T 95 K
‘;E: 0.304 825K = 1
z Er T 80K
= 86 K = 825K
0.154 86.25 K S ggﬁ
N gg §5K
OOO T T T T T T T = T T T T T T |-
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
HoH (T) uH (T)

Figure S6. Magnetization M vs magnetic field o measurements for fields swept from 0 to 13
T and back to zero. Data is measured with a history of cooling from 110 K to the desired 7. a,
M(poH) measured with a history of warming for different 7 as shown and b, the same data
plotted as M/poH to better distinguish the different spin states. Data is shown for 7 above and
below the thermal spin crossover temperature. We label the HS-LS (1:1 S=1 and S = 2) and
the HS (S = 2) regions.
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9. Sweep rate dependence in 13 T DC field

0.8

|——87.5K, 20 Oe/s
87.5 K, 50 Oe/s
0.61——87.5K, 100 Oe/s
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01234567 8910111213
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Figure S7. The field-induced switching effect shown at different sweep rates of the magnetic
field, poH plotted as magnetization M versus magnetic field, poH. The data was collected at T
= 87.5 K and at sweep rates of 2 mT s™' (black line), 5 mT s! (orange line) and 10 mT s (blue
line). This effect is observed between 8.65 T and 8.7 T for all sweep rates. Sweep rate
dependence is expected at first order phase transitions as discussed in the main text, since the
field sweep rate competes with the speed of domain nucleation and growth.
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Figure S8. Field-induced switching effect shown as changes in magnetization M as a function
of time for different sweep rates of a. 2 mT s™!, b. 5 mT s and ¢. 10 mT s™!, blue curves. The
temperature versus time was monitored during the measurements to ensure it was stable when
applying the magnetic field to the sample.
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10.

Magnetization M vs 60 T pulsed field poH in warming mode

Warming from 70 K

_Brillouin functi -
25 _I'I_OL-Jlg ;JZC?IEFE ) . P P _
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2.01----5=1275K HS e
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Figure S9. Magnetization M vs magnetic field poH measured in millisecond pulsed magnetic
fields up to 60 T. The data is taken on a. rising field while b. shows falling field data. The latter
data is noisier since the magnetic field sweep rate is slower on falling and thus there is less
signal and more time for mechanical oscillations. The data is taken after warming from 70 K to
the measurement 7. Blue/red dashed lines are Brillouin functions for the HS states (S = 2), with
the upper and lower lines spanning the measured temperatures as shown in the legend. Similarly,
short dashed lines show the Brillouin functions for HS-LS ordered state (mixture of S =1 and

S=2).
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11. Pulsed-field polarization data in warming mode
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Figure S10. Change in electric polarization AP vs magnetic field poH in a 65 T pulsed field
magnet with maximum field of 65 T used for a. rising field at different temperatures 7" as
indicated. b. Same as a but for falling field at different temperatures 7 as indicated. Data is
measured after a temperature history of heating from 70 K to the final measurement temperature
between every magnetic field pulse.
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12. 3D phase diagram cooling
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Figure S11. Magnetic field, poH vs temperature, 7 3D contour phase diagram of [Mn""L]BPh4
(1) for E || H in pulsed magnetic fields for a. rising field (upsweep) and b. falling field
(downsweep) up to 65 T. The blue color-mapped regions show the spontaneous electric
polarization. Data is measured after a temperature history of cooling from 110 K to the final
measurement temperature between every magnetic field pulse.
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13. 3D phase diagram warming
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Figure S12. Magnetic field, poH vs temperature, 7 3D contour phase diagram of [Mn'L]BPhy
(1) for £ || H in pulsed magnetic fields for rising field (upsweep) and falling field (downsweep)
up to 65 T. The red color-mapped regions show the spontaneous electric polarization. Data is
measured after a temperature history of warming from 70 K to the final measurement
temperature between every magnetic field pulse.
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14. Electric polarization data at the Pc to Cc phase
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Figure S13. Electric polarization vs temperature measured perpendicular to the ¢ axis of the
crystal, for the magnetic field parallel to the ¢ axis. The second order structural phase transition
between the Pc and Cc phases near 250 K produces a change in slope of the electric polarization.
Std. errors are smaller than line widths.
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15. Comparison of shear and distortions in Pc and PI phases
Pc

Pl

Figure S14. Change in intermolecular Mn---Mn distances, viewed along the ¢ axis of the Pc
unit cell, between the Mn>" complex cations in the Pc and P/ phases shown as black dashed
lines between colored polyhedrons (red, S = 2, HS; yellow, S = 2, HS; blue, S = 1, LS; green,
S =1, LS). Only the N4O2>" donor atoms around the Mn** center is shown. Only the B of the
BPh4™ counteranion is shown with all atoms other than the boron atom removed for clarity. The
SCO-induced decreases in bond lengths between the Namine and Nimine donor atoms and the Mn**
center are one of the major sources of distortion at this phase transition. The distances are shown
between adjacent Mn>" cations along the a axis and between each row along the b axis of the
Pc unit cell.
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Figure S15. Change in intermolecular Mn---Mn distances, viewed along the ¢ axis, between
the Mn*" complex cations in the Pc and PI phases shown as black dashed lines between colored
polyhedrons (red, S = 2, HS; yellow, S = 2, HS; blue, S = 1, LS; green, S = 1, LS). Only the
N4O2* donor atoms around the Mn*" center is shown. The boron atom of the BPhs
counteranion is shown as balls) while all atoms other than the boron in BPhs4 ™ are removed for
clarity. The SCO causes significant distortions due to decrease in bond lengths of the Namine and
Nimine donor atoms to the Mn®" center. Representative distances showing the distortions from

the P1 to the Pc structure are indicated with black dashed lines.
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Figure S16. Same as figure S15 with different distances indicated.
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Figure S17. Overlay of molecules of the P/ structure and Pc structure, showing local
distortions of the Mn** cations (shown as polyhedra) and the boron atoms of the BPhs~
counteranions (shown as balls). The overlay is viewed along the ¢ axis for the Pc structure. All
other atoms are removed for clarity.
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16. Density of states calculations
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Figure S18. The U-dependent total energies of all LS state (LLLL) and all HS state (HHHH)
related to the experimental ground state, the two LS and two HS state in HS-LS phase. U around

3.0 eV gives the result consistent with the experiments.
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