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Above-room-temperature coupling between ferroelastic domains and magnetism
in an organic-inorganic hybrid: CsCu(HCOO),Cl
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Coupling between ferroelastic domains and magnetism (CFM) is usually observed in ferromagnetic phases
where an easily magnetized direction can change with the movement of ferroelastic domains. Organic-inorganic
hybrids (OIHs) are expected to enhance the coupling due to their low elastic modules. However, it is challenging
to find CFM above room temperature in OIHs since the magnetic orderings are generally at low temperatures.
The occurrence of CFM without magnetic ordering remains a question. Here, we report an interesting OIH:
CsCu(HCOO),Cl, where canted antiferromagnetic and ferroelastic ordering occur at 32 and 331 K, respectively.
Induced by Cu dimers, CsCu(HCOO),Cl shows large magnetic anisotropy at room temperature, the strength of
which is twice that below 32 K. It is an example of an OIH showing that ferroelastic domains can couple with
magnetism above room temperature. Moreover, our findings present a way to realize room-temperature CFM in

OIHs and enhance our understanding of CFM.
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I. INTRODUCTION

In ferroelastic materials, there are ferroelastic domains
with different orientations that can be changed under mechan-
ical stresses. If these domains exhibit magnetic anisotropy,
it will enable the magnetic susceptibility to be manipulated
by mechanical stress. This coupling between ferromagnetism
and ferroelastic domains has been found in a few alloys
and oxides such as Ni-Mn-Ga, Ni-Fe-Ga, Ni-Co-Mn-In, and
LaCo,Sr;_,O3 [1-4]. In the past decade, organic-inorganic
hybrid compounds (OIHs) have been extensively studied
due to their various physical properties combined with
the advantages of environmental friendliness, easy prepa-
ration, and mechanical flexibility [5-9]. Compared with
traditional inorganic counterparts, the OIH ferroelastics re-
quire smaller forces for the twinning deformation [7]. If
their ferromagnetism can be coupled by ferroelastic do-
mains, enhanced coupling between ferroelastic domains and
magnetism (CFM) is expected. However, this coupling has
been rarely reported in OIHs. Recently, a layered OIH per-
ovskite, (C¢HsC,H4NH;3),FeCly, was found to exhibit both
canted antiferromagnetism and ferroelasticity. The large mag-
netic anisotropy and the orientation of ferroelastic domains
exactly match along the [100] and [010] directions; there-
fore, coupling between the two ferroic states was observed
[10]. Nevertheless, such coupling is only reported below
the magnetic transition temperature of 98 K. Owing to the
generally low temperatures of magnetic ordering [11-13], it
is extremely difficult to find OIHs with both magnetic and
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ferroelastic ordering around room temperature. A recent study
indicates that magnetic ordering can exist at up to 515 K in
OIHs [14], but without ferroelastic ordering.

In ferromagnets or canted antiferromagnets, the exis-
tence of easy magnetization axes usually results in magnetic
anisotropy. In OIHs, polynuclear transition metals and organic
ligands form atomic clusters that connect each other in three
directions. Inside the clusters, magnetic moments of metal
ions strongly interact with each other, but long-range intra-
cluster magnetic ordering can only form at low temperatures
because the adjacent clusters are too far apart [15-17]. It has
been shown, however, that magnetic anisotropy can still exist
above ordering temperatures. The reason is that polynuclear
transition metals can lead to nondegenerate orbital angular
momenta and large zero-field splitting (ZFS) that are direction
dependent and can persist above room temperature [18,19].
Intuitively, the magnetic anisotropy can be equally coupled
by ferroelastic domains. This means that OIHs are candidates
possessing CFM at room temperature.

A ferroelastic usually undergoes a structural phase tran-
sition accompanying changes in the crystal system. Such a
phase transition should involve displacement, rotation, or or-
dering of atomic clusters in OIHs. This demands that the
atomic clusters are small enough in size. This is the main
reason why ferroelasticity is rarely found in OIHs containing
polynuclear transition metals. From this point of view, dimeric
tetracarboxylate paddle-wheel motifs of the general formula
M, (COO), [13] are good candidates to be included in OIHs.
In these motifs, the two metal ions are connected by four
carboxylate ions. Meanwhile, large magnetic anisotropy has
been observed at room temperature in compounds containing
M, (COO), [16]. As the simplest carboxylate ion, connecting

©2021 American Physical Society
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FIG. 1. Structures of CsCu(HCOO),Cl at (a) 300 K and (b)
335 K. The Cs-Cl and Cs-O bonds are hidden for clarity. To clearly
show the rotation of the Cu dimer during the phase transformation,
the (110) crystal planes are presented; the rotation angle is 6.15°.
(c) Structure and selected bond lengths (unit: A) of Cu dimers in the
ferroelastic phase and the paraelastic phase. During the phase tran-
sition, the symmetry of the Cu dimers changes from 1 to mmm. The
planes represent the mirror planes of the Cu dimer in the paraelastic
phase.

the two metal ions by formate ions will greatly reduce the
size of the atomic cluster, making it possible to realize room-
temperature CFM.

In this work, we successfully synthesized a multiferroic
compound CsCu(HCOO),Cl that undergoes a magnetic phase
transition at 32 K and another one from ferro- to paraelas-
tic at 331 K. Magnetic anisotropy emerges because of the
anisotropic Landé g factor and ZFS in triplet Cu dimers:
[Cuz(HCOO)4C12]2‘. We show that the ferroelastic domains
are not only coupled with the long-range magnetic ordering
state at low temperatures, but also with magnetic anisotropy
above room temperature. Our findings demonstrate that CFM
can be realized via non-long-range magnetic ordering and
highlight the importance of magnetic anisotropy in OIHs in
this regard.

II. STRUCTURE AND PHASE TRANSITION

Differential scanning calorimetry (DSC) measurements for
CsCu(HCOO),C1 show there are an endothermic peak at
331 K during the heating process and an exothermic one at
328 K during the cooling process, respectively (Fig. S5(a) in
the Supplemental Material [20]; also see [21-28]), indicat-
ing a first-order phase transition occurs, where AH is about
0.351 kJ/mol. Powder x-ray diffractions (PXRDs) measured
at 300 and 335 K reveal that the phase transition transits struc-
tural transformation (Fig. S6(b) [20]). The crystal structures
of both phases were solved and refined based on the single-
crystal x-ray diffraction data collected at 300 and 335 K. As
shown in Fig. 1, a pair of Cu?* ions, four HCOO™ ions, and

two CI™ ions form a paddle-wheel-like structure unit with the
two Cu’* ions connected by formate ions. Such metal dimers
connected by carboxyls have been reported in many OIHs
[29-32]. Each Cs* ion is bonded to four dimers through Cs-Cl
and Cs-O bonds. At 300 K, CsCu(HCOO),Cl crystallizes in
a monoclinic cell with a space group of P2;/n; the spacings
of Cu-O, Cu-Cl, and Cu-Cu are 1.968 ~ 2.003, 2.3776, and
2.7059 A, respectively; and the bond angles of Cl-Cu-O are
94.16°-99.21°. Each cell contains two Cu dimers and four
Cs* ions, i.e., four chemical formulas. At 335 K, the sym-
metry changes to P4,/mnm. The spacings of Cu-O, Cu-Cl,
and Cu-Cu change to 1.970-2.004 A, 2.3610 A, and 2.7070
A. The bond angles of Cl-Cu-O range from 96.84° to 96.86°,
suggesting that the paddle-wheel-like copper dimers become
more symmetrical. Meanwhile, the position of the Cs™ ion
moves to a high-symmetry position (0.5, 0, 0.25), which is
on the 4, axis. Such a symmetry change between P4,/mnm
and P2, /n is characterized by a ferroelastic phase transition
of 4/mmmF2/m(s) type as described by Aizu [33]. Here, “s”
represents that the twofold axis of the point symmetry 2/m in
the low-temperature phase corresponds to one of the twofold
axes perpendicular to the fourfold axis of the point symmetry
4 /mmm in the high-temperature phase. The ferroelastic phase
transition temperature determined by DSC is 331 K, indicat-
ing that CsCu(HCOO),Cl is a room-temperature ferroelastic.

III. FERROELASTICITY

Point group 4/mmm can be regarded as the direct product
of point group 2/m and 4, implying that ferroelastic domains
with four orientations satisfying the symmetry of 4 will ap-
pear in a single crystal (Fig. S1). To visualize the ferroelastic
domains, variable temperature polarization microscopy was
performed on a single crystal (Fig. 2). The (011) plane of
the single crystal was used for observation. When the polar-
izers were removed, the crystal surface showed a plane with
uniform color and brightness. Under polarizers, dark paral-
lelograms appeared. Then the sample was heated to 340 K,
and the parallelograms disappeared, as a typical feature of a
phase transition from ferroelastic to paraelastic. Returning to
room temperature, the domains reappeared, indicating that the
crystal returned to the ferroelastic phase. For the ferroelastic
phase transitions belonging to Aizu species 4/mmmF?2/m(s),
the strain tensor of the four orientation states has the form [21]
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FIG. 2. Ferroelastic domains in the (011) plane of a thermally
treated single crystal. (a) Photograph under natural polarized light.
(b) Photograph at room temperature under polarized light. (c) Pho-
tograph after heating to 340 K under polarized light. (d) Photograph
after cooling from 340 K to room temperature under polarized light.
Some imperceptible domain walls are marked with dashed lines. All
photographs were collected in the same area with the same scale bar.

where e, ez, €13 can be calculated by cell parameters of the
ferroelastic and paraelastic phases,
ar

F
en=——1, €11=b——1,

1
e13 = tan — (8 — 90°).
ap P 2

()]

The magnitude of spontaneous strain is defined by

Xy = |:ZX52ij(Sk):| =0.0392. 3)

iJ

Such a value is similar to those of other OIH
ferroelastics, such as [DMICE]JCd(SCN); (0.0379)
[34], [(CH3);PCH,OH]CdBr; (0.0457) [35], and
[(CH3),P]Cd(SCN); (0.0622) [36].

IV. MAGNETISM

Dimeric transition metal tetracarboxylates, M,(COO)y,
often form a paddle-wheel-like atomic cluster and are
the origin for interesting magnetic properties in OIHs [13].
CsCu(HCOO),Cl is found to exhibit rich magnetic properties.
Temperature-dependent magnetizations of a powder sample
are shown in Fig. 3(a). It is obvious that there are two
magnetic phase transitions at about 8 and 32 K. The splitting
of magnetization curves under zero-field cooling (ZFC) and
field cooling (FC) indicates that the transition at 32 K (7y)
is due to magnetic ordering. Magnetic hysteresis loops are
observed at 5 and 20 K in the isothermal magnetization
measurements, and coercive fields are estimated to be 59
and 363 Oe, respectively. The spontaneous magnetizations of
Cu?* ions are estimated to be 4.47 x 10* and 1.07 x 104//,3,

which are much smaller than the theoretical saturation
moment 1.73ug. Such low spontaneous magnetizations
suggest that the magnetic moments of CsCu(HCOO),Cl
below 32 K are in a slightly canted antiferromagnetic state.
The transition at 8§ K can be attributed to the change of
the average canting angle, from 0.015° (5 K) to 0.004°
(20 K). At 40 K, the M-H curve becomes a straight line,
suggesting that the long-range magnetic ordering disappears.
However, the magnetism is not paramagnetic as usual.
During the heating process, the magnetization decreases
with the temperature until 117 K, and then increases. This
abnormal magnetization-temperature (M-T) behavior also
appears in other OIHs containing Cu,(COQ), groups such
as Cuy(1, 3-bdc),(py)2 [37], Cus(l, 3, 5-btc),(H,O)s [38],
and Cu,(bptc)(H,0);(DMF); [39]. Such behavior can
be explained by a competitive mechanism. On the one
hand, the ground state of each independent Cu dimer is a
spin singlet (S = 0) due to the strong antiferromagnetic
interaction. With increasing temperature, some singlet
states are excited to triplet states (S = 1), the contribution
of this part makes the susceptibility increase. Such an
excitation was probed by electron paramagnetic resonance
(Fig. S2 in the Supplemental Material [20]); similar results
have also been found in [Cu,(tert-Bupy),(N3),](ClO4),
[40], [(PhCO,)4(DMSO),]Cu, [41], and
[Cu(CsH5COO0),(CsHs(OH)CONH;)], [22]. On the other
hand, there is negligible magnetic interaction between
different Cu dimers above Ty. Therefore, the spin orientation
of excited triplet states should be random, like the so-called
superparamagnetism. This makes the susceptibility decrease
with the increase of temperature. It is easily known that the
energy gap E, between the singlet state and the triplet state
of a Cu dimer should be larger than 4kpTy, where kg is the
Boltzmann constant and Ty is the Weiss temperature of Cu
dimers; the derivation is shown in the Supplemental Material
[20]. No saturation in susceptibility at room temperature
suggests that the energy gap E, in CsCu(HCOO),(l is large
(see the Supplemental Material) [20].

V. COUPLING BETWEEN MAGNETISM
AND FERROELASTIC DOMAINS

To characterize the correlation between ferroelastic do-
mains and magnetism, the temperature-dependent moment
of a single-domain crystal under H = 1 T along [010] was
measured [Fig. 3(c)]. Firstly, the temperature was reduced
to 5 K; the magnetic susceptibility curve was similar to that
of the powder with rising temperature. However, when the
temperature rose to 329 K, which was close to the structural
phase transition temperature, the magnetic susceptibility had
a steplike increase. After that, the magnetic susceptibility
continued to rise slowly. In the cooling process, at first, the
magnetic susceptibility decreased slowly and coincided with
the heating process until the temperature dropped to 329 K.
Unexpectedly, there was no steplike decrease in magnetic
susceptibility. Moreover, the magnetic susceptibility no longer
coincided with the heating process, ruling out the possibility
of magnetic phase transition being induced by structural phase
transition. This unexpected phenomenon can be explained
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FIG. 3. Magnetism of CsCu(HCOO),Cl. (a) Moment as a function of temperature under a magnetic field of 100 Oe (powder sample). Inset:
Temperature-dependent moment from 5 to 363 K under a magnetic field of 1 T. (b) Isothermal magnetization curves at 5, 20, and 40 K (powder
sample). The three temperatures correspond to the three magnetic phases determined by variable temperature magnetization measurement.
(c) Temperature-dependent moment curves of a single crystal under a magnetic field of 1 T during a heating and cooling cycle; the direction
of given magnetic field is along the b axis. Inset: the details around the ferroelastic-paraelastic phase transition. (d) Schematic diagram of a Cu
dimer under a magnetic field along the b axis, where the dashed line represents the assumed fourfold axis of the Cu dimer, and “1” and “3”

represent the two axes of the coordinate system based on a Cu dimer.

by the magnetic anisotropy of a ferroelastic domain and the
irreversibility of domain distributions during a heating and
cooling cycle.

The magnetic anisotropy of the crystal can be ascribed to
the orientation and arrangement of Cu dimers. From the crys-
tal structure we solved, the anisotropic magnetic susceptibility
of the crystal (300 K) can be expressed by that of the Cu
dimer:

Fyia =0.9797 x11 + 1.0203x33
Fyp = 1.0220x11 + 0.9780x35. 4)

Here, the Cu dimer is assumed to have a fourfold axis
[Fig. 3(d)] and xi1, x33 are the magnetic susceptibilities per-
pendicular and parallel to the fourfold axis of the Cu dimer,
respectively. The details of the derivation are shown in the
Supplemental Material [20]. In a single-domain crystal, the
magnetic susceptibility of the [010] direction is smaller than
that of the [100] direction, and is also smaller than that of the
[100] direction of the tetragonal phase; in other words,” xz;, <
F aa and T xp, < P x4q. If the temperature reaches 329 K in
the heating process, the magnetization vector M will jump
from y,H to Px.H, while in the cooling process, the

crystal changes from the paraelastic state to the ferroelastic
state around 329 K, and will not return to the initial single-
domain state, but into a multidomain state. The distribution
of ferroelastic domains in the [100] and [010] orientations
were random. Such a domain distribution gives a total mag-
netization (* xuq + ¥ xp»)H /2. The magnetization difference
between heating and cooling at 300 K is 0.171 emu/mol;
the value ©x. —F xp» at 300 K can be estimated to be
4.17 x 107 (in the International System of Units). It can be
inferred that (' xaa + 7 x5)/2 & ¥ xuq around 329 K, because
there is no magnetic susceptibility jump during the cooling
process. The coexistence of magnetic anisotropy and ferroe-
lastic ordering implies that the magnetic susceptibility can be
controlled by mechanical stress.

The change of magnetic anisotropy during the ferroelastic-
paraelastic phase transition can be detected by angle-
dependent torque measurements [42,43]. The torque is
defined as 7(p) = uoVM x H, where ¢ is the angle be-
tween the magnetic field and the a axis of the crystal, wg
is the permeability of vacuum, and V is the sample vol-
ume. The relationship of the rotation direction and the ¢ axis
obeys the right-handed rule. In this geometry, the compo-
nent along the axis of rotation of 7(¢) is a periodic function
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FIG. 4. Angle-dependent magnetic torque under 5 T at different temperatures during a heating and cooling cycle. The rotation axis is along
the ¢ axis and the magnetic field is parallel to the ab plane. Obvious magnetic anisotropy is observed at 5, 20, 40, and 300 K during the heating
process, corresponding to the ferroelastic single-domain phase. The absence of magnetic anisotropy at 363 K can be ascribed to the symmetry
of the tetragonal system, in other words, the paraelastic phase. The absence of magnetic anisotropy at 300, 40, 20, and 5 K during the cooling

process, corresponding to the ferroelastic multidomain phase.

of 2¢ [44—46]. That is,
(5

In both the monoclinic and tetragonal crystal systems, xqp
is zero due to the symmetry; then 7, becomes

Tc = %MOVHz[(Xaa — Xbb) SIN2¢ — 24, cOS 2¢].

Q)

From Eq. (6), it can be seen that if the magnetic anisotropy
between the [100] and [010] directions exists, t. will be a
sine function of 2¢; otherwise, t. is zero. A single-domain
crystal was selected for torque-angle measurement at a series
of temperatures 5, 20, 40, 300, and 363 K during both the
heating and cooling processes (Fig. 4). Clearly, sine curves
were observed at 5, 20, 40, and 300 K during the heating
process, which suggests the existence of magnetic anisotropy
in the single-domain state. Besides, these curves indicate that
the value of x,, — xu» 1S positive, which is consistent with our
previous analysis. The amplitude of the 300 K curve is about
9.0 x 10® N'm, from which the value x,, — xz» is calculated
to be 4.62 x 107%, agreeing well with the magnetization mea-
surements. It should be noted that the value of x.. — Xxu»
at room temperature is higher than that at low temperature
(in the canted antiferromagnetic phase). This phenomenon is
different from other compounds with paramagnetic anisotropy
[47-49]. Considering that the dimer number excited to the
triplet state will increase with temperature, the larger magnetic
anisotropy at room temperature can be attributed to the fact
that the magnetic anisotropy mainly comes from the triplet
states of Cu dimers. At 363 K and 300, 40, 20, and 5 K during
the cooling process, where the crystal was in the paraelastic

Te = %MOVHz(Xaa - Xbb) sin 2(p

state and the ferroelastic multidomain state, respectively, .
almost did not change with the angle, which strongly supports
the coupling between magnetism and ferroelastic domains.

VI. CONCLUSIONS

In summary, an OIH compound CsCu(HCOO),Cl exhibit-
ing complex magnetism and room-temperature ferroelasticity
is reported. Due to the magnetic anisotropy between the
[100] and [010] directions without magnetic ordering, it is
possible to manipulate magnetism by controlling ferroelastic
domains with mechanical stress at room temperature. This
is an example that CFM can occur at room temperature in
OIHs. Moreover, By combining ferroelasticity with magnetic
anisotropy of polynuclear transition metals, more and more
OIHs with higher-temperature and stronger CFM could be
found soon. For the increasing demand for flexible and low-
cost devices, it can be anticipated that such coupling in OIHs
will be applied in the near future.
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