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Abstract

We report for the first time the synthesis of
[C(NH,)3|Cr(HCOO)3 stabilizing Cr** in a for-
mate perovskite, which adopts a polar struc-
ture and orders magnetically below 8 K. We dis-
cuss in detail the magnetic properties and their
coupling to the crystal structure based on first
principles calculations, symmetry, and model
Hamiltonian analysis. We establish a general
model for the orbital magnetic moment of the
[C(NH2)3]M(HCOO)3 (M = Cr, Cu) based on
the perturbation theory, revealing the key role
of the Jahn-Teller distortions. We also analyzed
their spin and orbital textures in k-space, which
show unique characteristics.

Introduction

Metal-organic frameworks (MOFs) are materi-
als in which the metal ions are connected with
each other by organic molecules. The choice
of organic linkers allows a great variety in their
crystal structures. One of its classes, the porous
MOFs hold a large portion of cavities in them.
Their tunable porosity enables applications in
gas storage, catalysis, etc. Thus they are widely
studied.>? On the other hand, dense MOFs hold
much smaller cavities in comparison to porous
MOFs: Their cations are closer together and
can thus play a significant role in the emergence
of their functional properties.®® The combina-
tion of organic-inorganic features can induce
both magnetism and ferroelectricity simultane-
ously, i.e., multiferroicity. In some multiferroic
materials, the ferroelectric and magnetic orders



are coupled, giving rise to the possibility of con-
trolling the magnetic property by the electric
field, and vice versa.® Thus, both the mag-
netic and electric orders, their coupling, and the
role and control of the structural deformation
are important aspects for dense MOFs. %24
Among dense MOFs, the [C(NHy)3|]M(HCOO);

(M = Mn, Fe, Co, Ni, Cu, and Zn) series
have been synthesized with a perovskite-type
ABX; structure.?® They feature the guani-
dinium (Gua) ion (C(NHz)3)" on the A site,
the 3d transition metal ions (M?*") occupy-
ing the B site, and formate HCOO ion as
the X site anions as shown in Fig. 1 (a) and
(b). These materials show magnetic ordering of
their M2* ions; notably, only the Cu-based ana-
log (hereafter denoted as 1-Cu), featuring the
Jahn-Teller (JT) active ion Cu®* (d?), displays
a polar structure and a weak ferromagnetic
component that has been proposed to correlate
with JT distortions.??> Similarly, a theoretical
study on the not yet synthesized perovskite
MOF with M = Cr*" (hereafter denoted as
1-Cr) proposed a non-trivial role of the Cr**
(d*) JT active ion in shaping both ferroelectric
and (weak) ferromagnetic properties.'? From
one hand, the non-polar JT distortions cou-
ple to another non-polar mode giving rise to
an inversion symmetry breaking hybrid mode,
resulting in a so-called hybrid improper fer-
roelectricity. 262 On the other hand, the weak
ferromagnetic component was proposed to arise
from the JT-related orbital ordering and its in-
terplay with spin-orbit coupling (SOC).'? As
opposed to most of their inorganic counter-
parts, the multiferroic phase of ABX3 1-Cu
and 1-Cr holds the promise of a stronger cou-
pling between magnetic and ferroelectric prop-
erties, as both functional properties share the
JT activity as a common origin.%121* Although
the 1-Cr was theoretically predicted to display
multiferroic properties like the similar 1-Cu, it
was not previously possible to synthesize it due
to the significant difficulties encountered in sta-
bilizing Cr?**, which undergoes rapid oxidation
in air to the more stable trivalent oxidation
state. Furthermore, recent experimental stud-
ies of multiferroic Cr?** halides with layers3® or
chains®! of Cr octahedra further emphasize the

potential for unexploited functionality in Cr**
hybrid perovskites.

In this study, we successfully synthesized 1-
Cr for the first time, confirmed its polar struc-
ture, and measured its magnetic properties.
The structural analysis confirms the theoret-
ical predictions, while we observe an antifer-
romagnetic transition at 7y ~ 8 K, roughly
twice the Néel temperature of 1-Cu but four
times smaller than the theoretical prediction,
with no evident signatures of weak ferromag-
netism (WFM). We accordingly revised the ear-
lier magnetic model!? by proposing a new and
more accurate set of magnetic parameters ex-
tracted from first-principles calculations, which
are able to reproduce the experimental mea-
surements more accurately as well as the mag-
netic transition temperature. Noticeably, the
revised model which is based on the subtle in-
terplay of orbital order, SOC, and structural
distortions is able to capture the complex mag-
netic configuration of 1-Cr. The key role of
SOC, so commonly neglected in 3d transition
metals, in the magnetic properties of 1-Cr and
1-Cu, is emphasized by the significant contri-
bution this makes to their effective magnetic
moments; particularly in 1-Cu, where the or-
bital ferromagnetic component is even compa-
rable to the spin contribution. We explain the
orbital magnetic moment, previously neglected
in the 1-Cr/Cu, and its dependence on orbital
ordering based on the second order perturba-
tion theory and the JT effective Hamiltonian.
Our microscopic model is in very good agree-
ment with the density functional theory (DFT)
calculation results and could be applied to sim-
ilar compounds. Finally, we also analyze the
spin and orbital textures in k-space, which show
unique characteristics.

Methods

All synthetic procedures were performed ac-
cording to standard Schlenk line procedures
under an atmosphere of dry argon. Isolated
Cr?* samples were stored in an argon glovebox,
and samples for powder X-ray diffraction and
SQUID magnetometry analysis were made up



in the same glovebox. This was essential to pre-
vent the oxidation of Cr?** to the more stable
trivalent oxidation state. Caution! Chromium
salts are known sensitizers and so care must be
taken to avoid generating any loose dust and
to dispose of all samples appropriately. Multi-
ple reactions described herein involve release of
a condensable gas whilst working on a Schlenk
line; care should be taken both to avoid sealing
reaction vessels to avoid pressure build-up, and
to ensure that cryogenic traps can vent safely
on warming.

Cyan blocklike crystals of 1-Cr suitable for
structural determination were made by layering
a colorless solution of [C(NH;)s|(HCOO) (0.420
g, 4 mmol) (See Sec. S1 of Supporting Informa-
tion (SI) for preparation method) and HoCOO
(165 pl, 4 mmol) in 50:50 v/v water/ethanol
upon a pale blue solution of CrCl, (61 mg, 0.5
mmol) in water (2 cm?®). This produced an in-
tense purple interface with crystals formed after
standing for a week. A bulk sample suitable for
further analysis was made by the addition of
an aqueous solution of CrSO4-5H,0, made us-
ing literature methods,3? (0.5 M, 5 cm?) into
an aqueous solution of [C(NH;)3](HCOO) (See
Sec. S1 for further details) in a single portion.
This was stirred briefly to give a homogenous
purple solution which, on standing overnight,
transformed to a pale blue supernatant above a
cyan solid. The solid was isolated by filtration,
washed with EtOH (2 x 10 ¢cm?), and dried in
vacuo to give 1-Cr as a cyan microcrystalline
powder (0.541 mg, 2.1 mmol, 84 % yield.)

Structure determination was carried out us-
ing single crystal X-ray diffraction (SCXRD)
data recorded on an Agilent SuperNova Dual
diffractometer (See Sec. S2 for further details
of experimental and structure solution meth-
ods). Structures from this experiment are de-
posited in the CSD as entries 2278325-2278331.
Bulk purity of the sample was assessed using
powder X-ray diffraction (PXRD) collected us-
ing a Rigaku Miniflex using Cu Ka (40 kV,
15 mA) with the sample mounted in a pro-
priety air-sensitive sample holder. A Le Bail
fit was carried out using the program Riet-
ica.?? Elemental microanalysis was carried out
at London Metropolitan University. Magneto-

metric studies were performed using a Quan-
tum Design MPMS 7 magnetometer, utilizing
an applied field of 1000 Oe for variable temper-
ature susceptibility (y) measurements. Sam-
ples were placed in gelatin capsules enclosed in-
side a pierced straw with a uniform diamagnetic
background. Differential Scanning Calorimetry
(DSC) measurements were performed on 1-Cr
using a NETZSCH DSC 200PC with the sam-
ple in a closed Al pan. Sample loading and data
collection were performed under an inert nitro-
gen atmosphere.

We used the Vienna Ab-initio Simulation
Package (VASP)3437 for the first-principles
DFT calculation. To include SOC, we
performed non-collinear spin DFT calcula-
tions. Generalized gradient approximation by
Perdew-Burke-Ernzerhof (GGA-PBE) for the
exchange-correlation functional®® and the pro-
jector augmented wave pseudo-potential®® were
adopted. The plane wave energy cut-off was
chosen to be 500 eV. 4 x 4 x 4 regular k-space
grid was used. For the lattice constants, experi-
mental values of 1-Cu a = 8.5212 A, b = 9.0321
A, and ¢ = 11.3497 A from Ref. 25 were used
for both 1-Cr and 1-Cu for consistency with
the previous theoretical works.”!? Note that
the measured lattice constants of the 1-Cr are
close to these values, thus justifying our ini-
tial guess (See Sec. S2). For a ferroelectric
structure, one can define a corresponding para-
electric virtual structure of higher symmetry,
referred to as pseudo symmetric structure, us-
ing the group-theoretical method implemented
in the software PSEUDO of the Bilbao Crys-
tallography server. 4

We estimated the transition temperature (75)
by using the spin model suggested in Ref. 12 and
the Monte Carlo simulations adopting a stan-
dard Metropolis algorithm. We additionally
considered the on-site Coulomb energy correc-
tion in DFT (DFT+U +J calculation!), which
was neglected in previous calculations,'? when
obtaining the spin model parameters. Two sets
of parameters, (U, J) = (2.5,0.5) and (3.0, 1.0)
(eV) were used. Further details of the spin
model can be found in Sec. S4 and S5 of SI.
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Figure 1: (a,b) Crystal structure of 1-Cr at 300 K seen from different directions indicated by
crystal axes in each panel with the Cr octahedra shown in blue and carbon, hydrogen, nitrogen,
and oxygen atoms shown as black, pink, light blue, and red spheres, respectively. (c¢) Le Bail fit to
a powder X-ray diffraction pattern of 1-Cr with the experimental data shown as black crosses, the
calculated and difference intensities shown as red and green lines, respectively, and the vertical blue
markers noting the expected position of Bragg reflections. The omitted peak from the fit has been
confirmed as being associated with the air-sensitive sample holder, likely from a Ni-based alloy. R,
Ry, and x? of the fit were 5.89 %, 9.81 % and 8.29.

Results and Discussion

Synthesis and Crystal Structure

Initial syntheses of 1-Cr followed a modified
preparation from those used for the Co and
Fe analogues,? but yields were low, and sam-
ple purity was poor as a result of contamina-
tion from Cr®** within the commercial source.
Nevertheless, slow diffusion of a solution of
[C(NH3)3](HCOO) in ethanol into a solution of
chromous/chromic chloride in water allowed the
growth of single crystals of sufficient quality for
SCXRD studies. Attempts to scale this method
up produced inseparable mixtures of crystals,
attributed to the Cr®* impurities in the start-
ing material, as suggested by the pale color of
the Cr solution since fresh Cr?*Cl, solutions are
an intense royal blue. To avoid this problem, ef-
forts to make bulk samples of 1-Cr for further
analysis utilized CrSO4-5H,O in an aqueous
medium. Fits to PXRD patterns indicated this
method resulted in a sample with a structure
consistent with that determined from SCXRD
with only trace amounts of an unidentified im-
purity phase (See Fig. 1 (¢)). Lattice param-

eters were determined to be a = 8.6358(8) A,
b= 11.6480(15) A and ¢ = 9.1050(9) A yield-
ing a unit cell volume of 915.87(15) A3. The
purity of this sample was further confirmed by
elemental analysis results (experimental values
C 19.47 %, H 3.57 % and 17.54 % N to calcu-
lated values of 19.44 %, 3.67 % and 17.00 %,
respectively).

Examination of the systematic absences of
SCXRD data of 1-Cr collected at 100 K in-
dicates it adopts a structure in either Pna2; or
Pnma orthorhombic symmetry, with the sys-
tematic absences required for the Pnan struc-
ture adopted by the [C(NHz)3]M(HCOO); (M
= Mn-Ni and Zn) compounds violated.? Ex-
tensive attempts to solve the structure were
only successful for Pna2; symmetry with Pnma
not giving a chemically sensible or even com-
plete solution. This is consistent with the pre-
vious report of 1-Cu adopting Pna2; symme-
try and previous combined first-principles cal-
culations and group theoretical analysis of 1-
Cr indicating this to be the expected symme-
try of this material.®!?? We should note the
crystal used in this study was a twin by in-
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Figure 2: Differential scanning calorimetry

trace of 1-Cr measured up to 600 C. The in-
sert highlights the signal at lower temperature.

version, which may complicate using them to
experimentally confirm ferroelectric switching.

As expected, 1-Cr adopts a hybrid per-
ovskite structure which closely resembles other
[C(NHz)3]M(HCOO)3 phases, including a sim-
ilar conventional a a ¢ tilt system? (See
Fig. 1 for crystal structure and Fig. S1 in SI
for asymmetric unit). As previously seen in
isostructural 1-Cu where the d° Cu?* cations
also have a JT distorted bonding environ-
ment (See Table S2 for bond angles), the elon-
gated axis of the d* Cr?tQOg octahedra also
alternates within the ab-plane. This is in
a Cr-Ogport...C1-Olong...Cr-Oghort ... Cr-Olong pat-
tern between neighboring octahedra connected
by formates along both orthogonal directions
in this plane; at 300 K, the Cr-Ogo dis-
tances in this plane are 2.031(9) and 2.066(8)
A while the Cr-Ojong distances are 2.347(9)
and 2.390(8) A (See Fig. S2 for evolution with
temperature). The remaining two Cr-Ogyert
bond distances required to complete a conven-
tional trans-elongated JT distorted octahedra
are oriented along the c-axis with distances
of 2.065(14) and 2.079(15) A. The bond va-

lence sum of the Cr cation is 2.00 consistent

with the expected divalent oxidation state.*?
Along with the JT distortion of the octahe-
dra in 1-Cr, the main difference in the struc-
ture of this phase when compared to the Pnan
[C(NH2)3]M(HCOO)3 frameworks is the subtle
rotations of the Gua cations along the a and
c-axis. 1225

As is observed for other [C(NH;)3|M(HCOO);
phases, variable temperature SCXRD analysis
indicates the Gua remains ordered up to 400
K, the highest temperature measured during
this study.?® At 400 K, a significant decrease in
data quality of variable temperature SCXRD is
noted (average I/o declines from being consis-
tently >15.9 to 11.9 at 400 K), which may in-
dicate that the measurements are approaching
a temperature at which the material begins to
lose crystallinity. At this temperature, the re-
flections indicating the violation of the system-
atic absences associated with the second n-glide
required for Pnan symmetry are lost. While
this is most likely a result of the poorer data
quality available from this air-sensitive sample
above ambient temperature there is a signifi-
cant decrease in the JT distortion at the same
temperature (See Fig. S2), which could alterna-
tively indicate the onset of a transition to Pnan
symmetry.

DSC analysis of 1-Cr indicates a possible
phase transition near 140 C with an enthalpy
change of approximately -0.9 kJ mol . This
may suggest the weakening in the JT distor-
tion of 1-Cr identified in the crystal structure
at 400 K may be a precursor to a phase tran-
sition related to the JT distortion. The en-
thalpy change measured here is at least an or-
der of magnitude lower than the JT energies
of [Cr(Hy0)g]** suggested by calculations and
spectroscopic measurements. #*4 This suggests
that if this transition is related to an apparent
loss of the JT distortion in the crystal structure
it is likely related to a loss of orbital order rather
than quenching of the JT effect, i.e., a loss of
ordering between the JT distorted local struc-
tures. There are three further peaks indica-
tive of endothermic processes in 1-Cr at higher
temperatures, centred near 249 C, 272 C and
335 C with estimated enthalpy changes of -7.0
kJ mol !, -65.2 kJ mol ! and -4.3 kJ mol '.
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Figure 3: (a) Plot of xT versus temperature for 1-Cr in a 1000 Oe field. The insert shows ZFC
and FC y measurements measured between 5 and 20 K and the predicted x by the MC simulation.
(b) Plot of 1/y versus temperature for 1-Cr, which is well fitted by a linear trend line (shown in
blue) from 20-300 K. (¢) Plot of magnetization, M, of 1-Cr versus applied field, H, at 5 K.

The temperatures at which these features ap-
pear are broadly consistent with the reported
decomposition temperatures of the Mn, Fe, and
Co analogs so we anticipate these features may
also indicate the decomposition of 1-Cr.?>
The thermal expansion of this material across
the 100-400 K range studied in this study is
anisotropic with significant positive thermal
expansion of 50(5) and 29(7) MK ! observed
along the a-axis and c-axis while a modest neg-
ative thermal expansion of —14(3) MK ! is
measured along the b-axis (See Fig. S3 for lat-
tice parameter plot). This is consistent with
the orientation of analogous anisotropic ther-
mal expansion observed from other members
of the [C(NH,)3]M(HCOO); series,*> appear-
ing to be of a similar scale to the Mn ana-
log which has the highest anisotropic nega-
tive thermal expansion of the members re-
ported experimentally thus far, and related
[C(NH;)3]Er(HCOO)3(C204).%6  Framework
hinging combines with the expansion of the
M-formate-M struts upon heating to govern
the overall observed thermal expansivities. For
other members of the [C(NHj)3|M(HCOO);
series, the anisotropic thermal expansion has
been attributed to hinging of the metal-formate
framework as the pore shape becomes more
isotropic on heating.4>*% In the case of 1-Cr,
this leads to greater expansion of the a-axis,

along which the hinging angles are acute, ac-
companied by a more modest contraction along
the b-axis, along which the hinging angles are
obtuse (See Fig. S4). The connectivity of the
octahedra along the c-axis by the formate lig-
ands means that expansion in this direction
is only controlled by the strut expansion as
the framework cannot hinge in this direction,
unlike the ab-plane where the connectivity via
the formate ligands is approximately along the
<110> directions.

Magnetic Properties

Field cooled (FC) and zero field cooled (ZFC) y
measurements with respect to temperature in a
1000 Oe applied magnetic field indicate maxima
just below 8 K, with no divergence of these mea-
surements below this temperature (See Fig. 3
(a)). This indicates a transition to a compen-
sated antiferromagnetic (AFM) state. A plot
of 1/x with temperature is well fitted by a lin-
ear trend between 20 K and 300 K with de-
viations observed below 20 K consistent with
AFM correlations (See Fig. 3 (b)). This fit
yields a Weiss constant, O, of —9.8 K, consis-
tent with the observed AFM transition slightly
below this. This fit also indicated an effective
magnetic moment of 4.70 ug, modestly below
the spin-only magnetic moment expected for






