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ABSTRACT: We report for the first time the synthesis of [C(NH,);]Cr-
(HCOO)j stabilizing Cr** in formate perovskite, which adopts a polar structure
and orders magnetically below 8 K. We discuss in detail the magnetic properties Spin
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 [C(NH,);]M(HCOO); (M = Cr, Cu) based
on perturbation theory, revealing the key role of the Jahn—Teller distortions.
We also analyze their spin and orbital textures in k-space, which show unique

characteristics.

B INTRODUCTION

Metal—organic frameworks (MOFs) are materials in which
metal ions are connected with each other by organic molecules.
The choice of organic linkers allows for 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 feature
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
combination of organic—inorganic features can induce both
magnetism and ferroelectricity simultaneously, ie., multi-
ferroicity. In some multiferroic materials, the ferroelectric
and magnetic orders are coupled, giving rise to the possibility
of controlling the magnetic property by the electric field and
vice versa.’ " Thus, both the magnetic and electric orders,
their coupling, and the role and control of the structural
deformation are important aspects for dense MOFs.”~**
Among dense MOFs, the [C(NH,);]M(HCOO); (M =
Mn, Fe, Co, Ni, Cu, and Zn) series have been synthesized with
a perovskite-type ABX; structure.”” They have the guanidi-
nium (Gua) ion (C(NH,);)" on the A site, the 3d transition
metal ions (M>") occupying the B site, and formate HCOO™~
ions as the X site anions, as shown in Figure 1(a,b). These
materials show magnetic ordering of their M?** jons; notably,
only the Cu-based analogue (hereafter denoted as 1-Cu),
featuring the Jahn—Teller (JT) active ion Cu** (d°), displays a
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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
nontrivial role of the Cr** (d*) JT active ion in shaping both
ferroelectric and (weak) ferromagnetic properties.'” On one
hand, the nonpolar JT distortions couple to another nonpolar
mode giving rise to a polar hybrid mode which breaks
inversion symmetry, resulting in a so-called hybrid improper
ferroelectricity.”*™> On the other hand, the weak ferromag-
netic component was proposed to arise from the JT-related
orbital ordering and its interplay with spin—orbit coupling
(SOC)."” As opposed to most of their inorganic counterparts,
the multiferroic phase of ABX; 1-Cu and 1-Cr holds the
promise of a stronger coupling between magnetic and
ferroelectric properties, as both functional properties share
the JT activity as a common origin.”'>'* Although 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 stabilizing
Cr**, which undergoes rapid oxidation in air to the more stable
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Figure 1. (a, b) Crystal structure of 1-Cr at 300 K seen from different directions indicated by the 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 was
confirmed as being associated with the air-sensitive sample holder, likely from a Ni-based alloy. R, R,,, and i of the fit were 5.89, 9.81, and 8.29,

respectively.

trivalent oxidation state. Furthermore, recent experimental
studies of multiferroic Cr** halides with layers® 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 structure, and measured its magnetic
properties. The structural analysis confirms the theoretical
predictions, while we observe an antiferromagnetic transition
at T, ~ 8 K, roughly twice the Néel temperature of 1-Cu but
four times smaller than the theoretical prediction, with no
evident signatures of weak ferromagnetism (WEFM). We
accordingly revised the earlier magnetic model'” by proposing
a new and more accurate set of magnetic parameters extracted
from first-principles calculations, which are able to reproduce
the experimental measurements as well as the magnetic
transition temperature more accurately. Noticeably, the revised
model, which is based on the subtle interplay of orbital order,
SOC, and structural distortions, is able to capture the complex
magnetic 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
contribution this makes to their effective magnetic moments;
particularly in 1-Cu, where the orbital ferromagnetic
component is even comparable to the spin contribution. We
explain the orbital magnetic moment, previously neglected in
1-Cr/Cu, and its dependence on orbital ordering based on the
second-order perturbation theory and the JT effective
Hamiltonian. Our microscopic model is in very good
agreement with the density functional theory (DFT)
calculation results and could be applied to similar compounds.
Finally, we also analyze the spin and orbital textures in k-space,
which show unique characteristics.

B METHODS

All synthetic procedures were performed according 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
placed in the same glovebox. This was essential to prevent the

oxidation of Cr** to a 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.
Multiple reactions described herein involve the release of a condensable gas
while working on a Schlenk line; care should be taken both to prevent
sealing reaction vessels to avoid pressure buildup 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,);](HCOO)
(0.420 g, 4 mmol) (see Section S1 of the Supporting Information (SI)
for the preparation method) and H,COO (165 uL, 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 intense 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 CrSO,-5H,0, made using literature methods® (0.5 M, 5 cm?), into
an aqueous solution of [C(NH,);](HCOO) (see Section Sl for
further details) in a single portion. This was stirred briefly to give a
homogeneous 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 using single crystal X-ray
diffraction (SCXRD) data recorded on an Agilent SuperNova Dual
Source diffractometer (see Section S2 for further details of
experimental and structure solution methods). Structures from this
experiment are deposited in the CSD as entries 2278325—2278331.
Bulk purity of the sample was assessed using powder X-ray diffraction
(PXRD) collected using a Rigaku Miniflex using Cu Ka (40 kV, 15
mA) with the sample mounted in a propriety air-sensitive sample
holder. A Le Bail fit was carried out using the program Rietica.*®
Elemental microanalysis was carried out at the London Metropolitan
University. Magnetometric studies were performed using a Quantum
Design MPMS 7 magnetometer, utilizing an applied field of 1000 Oe
for variable temperature susceptibility (y) measurements. Samples
were placed in gelatin capsules enclosed inside a pierced straw tube
with a uniform diamagnetic background. Differential scanning
calorimetry (DSC) measurements were performed on 1-Cr using a
NETZSCH DSC 200PC with the sample in a closed Al pan. Sample
loading and data collection were performed under an inert nitrogen
atmosphere.
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We used the Vienna Ab Initio Simulation Package (VASP)**~*" for
the first-principles DFT calculation. To include SOC, we performed
noncollinear spin DFT calculations. Generalized gradient approx-
imation by Perdew—Burke—Ernzerhof (GGA-PBE) for the ex-
change—correlation functional®® and the projector augmented wave
pseudopotential®® were adopted. The plane wave energy cutoff was
chosen to be 500 eV. A 4 X 4 X 4 regular k-space grid was used. For
the lattice constants, experimental 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 1-Cr are close to these values,
thus justifying our initial guess (see Section S2). For a ferroelectric
structure, one can define a corresponding paraelectric virtual structure
of higher symmetry, referred to as the pseudosymmetric structure,
using the group-theoretical method implemented in the software
PSEUDO of the Bilbao Crystallography server.*

We estimated the transition temperature (T,) by using the spin
model suggested in ref 12 and the Monte Carlo simulations adopting
a standard Metropolis algorithm. We additionally considered the on-
site. Coulomb energy correction in DFT (DFT + U + ]
calculations“), 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 Sections S4 and S5 of the SL

B 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 sample purity was
poor as a result of the contamination from Cr** within the
commercial source. Nevertheless, slow diffusion of a solution
of [C(NH,);](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
starting 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, efforts to make bulk samples of 1-Cr
for further analysis utilized CrSO,-SH,O in an aqueous
medium. Fits to PXRD patterns indicated that this method
resulted in a sample with a structure consistent with that
determined from SCXRD with only trace amounts of an
unidentified impurity phase (see Figure 1(c)). Lattice
parameters were determined to be a = 8.6358(8) A, b =
11.6480(15) A, and ¢ = 9.1050(9) A, yielding a unit cell
volume of 915.87(15) A®. The purity of this sample was further
confirmed by elemental analysis results (experimental values of
C 19.47, H 3.57, and N 17.54% to calculated values of 19.44,
3.67, and 17.00%, respectively).

Examination of the systematic absences of the SCXRD data
of 1-Cr collected at 100 K indicates that it adopts a structure in
either the Pna2, or Pnma orthorhombic symmetry, with the
systematic absences required for the Pnan structure adopted by
the [C(NH,);]M(HCOO); (M = Mn—Ni and Zn) com-
pounds violated.”> Extensive attempts to solve the structure
were successful only for Prna2, symmetry, with Pnma not giving
a chemically sensible or even a complete solution. This is
consistent with the previous report of 1-Cu adopting Pna2,
symmetry and previous combined first-principles calculations
and group-theoretical analysis of 1-Cr indicating this to be the
expected symmetry of this material.”'*** We should note that
the crystal used in this study was a twin by inversion, which
may complicate using them to experimentally confirm
ferroelectric switching.
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Figure 2. Differential scanning calorimetry trace of 1-Cr measured up
to 600 °C. The inset highlights the signal at a lower temperature.

As expected, 1-Cr adopts a hybrid perovskite structure
which closely resembles other [C(NH,);]M(HCOO), 2Bhases,
including a similar conventional a”a”¢” tilt system™ (see
Figure 1 for the crystal structure and Figure S1 in the SI for the
asymmetric unit). As previously seen in isostructural 1-Cu
where the d° Cu®* cations also have a JT-distorted bonding
environment (see Table S2 for bond angles), the elongated axis
of the d* Cr**Og octahedra also alternates within the ab-plane.
This is in a Cr—Ogport " Cr—=Olong " Cr—Ojpope " Cr—Olpg
pattern between neighboring octahedra connected by formates
along both orthogonal directions in this plane; at 300 K, the
Cr—Oy,oy distances in this plane are 2.031(9) and 2.066(8) A,
while the Cr—0O),, distances are 2.347(9) and 2.390(8) A (see
Figure S2 for evolution with temperature). The remaining two
Cr—Og,, bond distances required to complete a conventional
trans-elongated JT-distorted octahedra are oriented along the
c-axis with distances of 2.065(14) and 2.079(15) A. The bond
valence sum of the Cr cation is 2.00, consistent with the
expected divalent oxidation state.” Along with the JT
distortion of the octahedra in 1-Cr, the main difference in
the structure of this phase when compared to the Pnan
[C(NH,);]M(HCOO); frameworks is the subtle rotations of
the Gua cations along the a- and c-axis.'”*’

As is observed for other [C(NH,);]M(HCOO); phases,
variable temperature SCXRD analysis indicates that Gua
remains ordered up to 400 K, the highest temperature
measured during this study.” At 400 K, a significant decrease
in the data quality of variable temperature SCXRD is noted
(the average I/o declines from being consistently >15.9 to 11.9
at 400 K), which may indicate that the measurements are
approaching a temperature at which the material begins to lose
crystallinity. At this temperature, the reflections indicating the
violation of the systematic 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
significant decrease in the JT distortion at the same
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Figure 3. (a) Plot of yT versus temperature for 1-Cr in a 1000 Oe field. The inset shows the ZFC and FC y measurements measured between S
and 20 K and the predicted y 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 to 300 K. (c) Plot of magnetization, M, of 1-Cr versus the applied field, H, at S K.

temperature (see Figure S2), which could alternatively indicate
the onset of a transition to Pnan symmetry.
DSC analysis of 1-Cr shown in Figure 2 indicates a possible
phase transition near 140 °C with an enthalpy change of
approximately —0.9 kJ mol™'. This may suggest that the
weakening in the JT distortion of 1-Cr identified in the crystal
structure at 400 K may be a precursor to a phase transition
related to the JT distortion. The enthalpy change measured
here is at least an order of magnitude lower than the JT
energies of [Cr(H,0)¢]*" su§§ested by calculations and
spectroscopic measurements.*”*" 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 structures. There are three
further peaks indicative of endothermic processes in 1-Cr at
higher temperatures, centered near 249, 272, and 335 °C with
estimated enthalpy changes of —7.0, —65.2, and —4.3 kJ mol*,
respectively. The temperatures at which these features appear
are broadly consistent with the reported decomposition
temperatures of the Mn, Fe, and Co analogues, 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 a significant
positive thermal expansion of 50(5) and 29(7) M K™
observed along the a- and c-axis, while a modest negative
thermal expansion of —14(3) M K™' is measured along the b-
axis (see Figure S3 for the lattice parameter plot). This is
consistent with the orientation of analogous anisotropic
thermal expansion observed from other members of the
[C(NH,);]M(HCOO)j series,” appearing to be of a similar
scale to the Mn analogue which has the highest anisotropic
negative thermal expansion of the members reported
experimentally thus far and related [C(NH,);]Er-
(HCOO0),(C,0,).* 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(NH,);]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.***° In the case of 1-Cr, this leads to a greater

17302

expansion of the ag-axis, along which the hinging angles are
acute, accompanied by a more modest contraction along the b-
axis, along which the hinging angles are obtuse (see Figure S4).
The connectivity of the octahedra along the c-axis by the
formate ligands 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 measurements below this
temperature (see Figure 3(a)). This indicates a transition to a
compensated antiferromagnetic (AFM) state. A plot of 1/y
with temperature is well fitted by a linear trend between 20 and
300 K with deviations observed below 20 K, consistent with
AFM correlations (see Figure 3(b)). This fit yields a Weiss
constant, ®, of —9.8 K, consistent with the observed AFM
transition being slightly below this. This fit also indicated an
effective magnetic moment of 4.70 up, modestly below the
spin-only magnetic moment expected for a high spin d* cation,
4.90 ug, but consistent with the reduced value observed for
other scarce examples of octahedral Cr** compounds with
group 16-based ligands, including Cry(PO,), (4.50 pp)*” and
Y,CrS, (470 pp).*® 4T gradually declines from a value
consistent with noninteracting Cr** cations at 300 to 90 K
before decreasing more rapidly to S K, consistent with the
strong AFM coupling emerging at low temperatures (see
Figure 3(a)). Consistent with an AFM state, isothermal
magnetization measurements at 5 K gradually increase as a
function of the applied magnetic field, reaching a value of 1.10
g per Cr** cation at 50 kOe, with no indication of hysteresis

observed (see Figure 3(c)). Determining the magnetic
structure of 1-Cr using neutron diffraction would be desirable
in future work in order to gain more insights into the magnetic
structure at very low temperatures. This is not a trivial task due
to the need to make more than a gram of a perdeuterated
sample of this air-sensitive material.

First-Principles Calculations and Model Study of

Magnetic Properties. Definition of Structural Interpola-

tion. The space group symmetry of JT-distorted 1-Cr/Cu is
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Figure 4. Spin, orbital, and total (S + L) magnetic moment per unit cell of (a) 1-Cu and (b) 1-Cr with respect to the structure parameter A. For 1-

Cu (1-Cr), the a(c)-component is shown.

the polar Pna2; (No. 33) with the corresponding centrosym-
metric pseudosymmetric group Pnan (No. 52, Pana in
standard settings). The structural distortion relating the Pnan
to Pna2, structure can be expressed using the interpolation
parameter A”'* (1 = 0 for Pnan and A = 1 for the original Pna2,
structure). We denote the atomic positions at 4 = 0 as rp,,, and
the displacement vectors from the A = 0 structure to the A = 1
structure as u. Then, the atomic positions of the interpolated
structure are written as r(4) = rp,,, + Au. The structural path
defined by A evolving from +1 to —1 represents a polarization
switching path, passing through the centrosymmetric Pnan (4
= 0). Moreover, the net magnetic moment also reverses its
direction along the path,”'” as reproduced in Figure 4.
Notably, for 1-Cr, the predicted structure'” is in good
agreement with the new experimental structure in terms of
the space group symmetry, JT distortions, and structural details
(see Section S2).

Magnetic Properties. As the unit cell of Pna2, 1-Cr/Cu
comprises four magnetic ions, we can define four magnetic
order parameters per cell compatible with nonmagnetic
translational symmetries (see Section S3), describing a
ferromagnetic configuration M and three antiferromagnetic
configurations G, A, and C. While all magnetic moments are
antiparallel in the G-type AFM configuration, the A-type AFM
(A-AFM) structure is characterized by layers of parallel
magnetic moments antiferromagnetically aligned, and the C-
type comprises ferromagnetic chains that are antiferromagneti-
cally coupled (see Figure SS).

In 1-Cr/Cu, the antiferro-distortive ordering of the
octahedra induces an orbital ordering; i.e., the cooperative
JT effect determines the orbital structure characterized by
intralayer antiferro-orbital ordering and interlayer ferro-orbital
ordering. Accordingly, the Goodenough—Kanamori—Anderson
rule*™” predicts the FM interaction between the in-plane
neighboring ions and the AFM interaction between the out-of-
plane neighboring ions, i.e, A-AFM. Our new DFT (+U + ])
calculations indeed confirm this scenario, in agreement with
previous studies.”'” Noticeably, a weak ferromagnetic
component, appearing as a secondary order parameter, is
allowed only for Pn'a’2;: {A; G,, M.} and Pna’2,’: {A; C,
M,}, where the prime means that the symmetry operation is
accompanied by the time-reversal operation. The spin axes of
the AFM alignment identified by the new calculations are the
crystallographic c-axis for 1-Cu (Pna’2,’) and a-axis for 1-Cr
(Pn'a’2,), consistent with previous studies.”'* However, there
also exist secondary AFM orders G, and C, which were
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previously overlooked.”'” A weak ferromagnetic moment is
then allowed by the magnetic space symmetries to develop
along the g-axis in 1-Cu and along the c-axis in 1-Cr, which can
be viewed as resulting from a small canting of the primary A-
AFM configuration. The experiments observed the WFM
moment of 1-Cu,”>' while no evident signature for WFM
appears from our new measurements for 1-Cr. This
discrepancy motivated us to revisit the magnetic model
proposed earlier by using more accurate parameters, as derived
from the present work.

The spin canting can be attributed to the magnetic single-
ion anisotropy (MSIA) originating from SOC,"” ruling out the
antisymmetric Dzyaloshinskii—Moriya exchange interac-
tion®*®* since it is incompatible with the {A,, M.} and {A,
M,} coupling (see Sections S4 and S10). The antiferro-orbital
ordering within the ab-plane is responsible for different
anisotropy axes on neighboring magnetic sites, which may
cause a canting of the primary magnetic configuration.'”>” The
rotation of the orbital order/JT distortion pattern, accompany-
ing the switching of A from 1 to —1, which was shown in ref 12,
can then be naturally related to a rotation of the local
anisotropy axes and a corresponding switching of the magnetic
moment, as shown by the DFT calculations (Figure 4).

The calculated WEM spin magnetic moments are shown in
Figure 4. The total spin moment in 1-Cr (0.04 yp per magnetic
atom, with a canting angle of about 0.63°) is significantly
smaller than the previous estimate (1 p5, 14.5°)."* The present
calculations emphasizing a very small canting angle are more
consistent with the experiment in this work that could not see
the WEM (Figure 3(c)).

Here, we adopt the same classical spin model introduced in
ref 12. The model comprises the competition between a

1
2 Z’j ]ijSiSj’
ferromagnetic exchange ], < 0, an interlayer antiferromagnetic
exchange J. > 0, and a site-dependent MSIA term. The latter
can be written in a local reference frame defined by M—X
bonds as Hy, = E }; ((Sre)* - (Si'e})z] + DZ{(Si'e;n)zy with E
and D denoting the principal values of the MSIA tensor and e},
¢, and ¢ denoting the long, medium, and short M—X bonds
of the JT-distorted MX4 octahedra. We estimated the model
parameters from the total-energy mapping of DFT computa-
tions with different collinear and canted magnetic config-
urations (see Section S4 for details). When comparing with
previous estimates'” obtained within a bare GGA approach, we
observe a substantial reduction of both J,, and J, exchanges (as

standard Heisenberg term H = with an intralayer
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Table 1. Parameters of the Spin Model”
U, ) Je Jay D E 0,
no U (ref 12) (0, 0) 0.824 —0.453 0.113 0.745 30.8
no U (this work) (0, 0) 0.837 —0.459 0.092 0.035 (0.036) 33.6 (31.9)
set 1 (25,05) 0.475 -0.111 0.115 0.038 (0.041) 33.8 (31.9)
set 2 (3.0, 1.0) 0453 —0.042 0.149 0.059 (0.062) 33.8 (31.9)

“Model parameters (all couplings in meV, tilting angle 6, in degrees) used in the Monte Carlo simulations for 1-Cr, with and without the +U + ]
corrections. The parameters in the previous work'> are also shown for comparison. Notice that the estimate for the angle 6, has been obtained from
magnetic anisotropy energies.'> The fact that it is the same in the two sets is a nontrivial result. Such an estimate is in good agreement also with the
structural tilting angle (given in brackets). The values in parentheses for the parameter E are the estimates obtained by using the structural tilting
angle 6, showing small deviations that are found not to affect the results significantly.

(a) ol - (U)=(2505)
(U.J)=(3.0,1.0)

* A,
A M

C

()

60 v G,
<
= 40 0%
=
@
2 &
Q
0 : : ; ; ; &
)
(b) Y
3F s
3
@
N g
S 2 F 7
1 oo
0 L L L L L
0 4 8 12 16 20 4 8 12 16
T T

Figure 5. Monte Carlo calculations. (a) Susceptibility associated with the primary order parameter A-AFM and (b) specific heat as a function of
temperature and calculated from two sets of model parameters extracted from DFT + U + | computations. Both quantities display sharp peaks,
signaling transition temperatures in a range between 9.5 and 14.5 K. Panel (c) displays the evolution of order parameters A,, G, and M, below the
transition temperature for the set of parameters corresponding to (U, J) = (3, 1) eV.

expected by the inclusion of the U correction) and, most
prominently, of the MSIA parameter E (see Table 1).

In addition, we performed Monte Carlo simulations using
the new parameters (see Section S$ for further details). Results
are summarized in Figure 5, where the evolution with the
temperature of specific heat, order parameters, and suscepti-
bility of the primary A-AFM order parameter are shown. The
magnetic transition is estimated between 9.5 and 14.5 K, in
fairly good agreement with the experimental data (~8 K). The
primary order parameter is A-AFM, as shown by the sharp
peak in the susceptibility, aligned along the g-axis. A WFM
aligned along the c-axis also arises under the T as a secondary
order parameter, consistently with the prediction by DFT,"
even though it is strongly renormalized, while the other
competing secondary parameter, corresponding to a G-AFM
canting parallel to the b-axis, is found to be substantial (see
Section S4). The dominating antiferromagnetic interactions
can also be deduced by the powder-average magnetic
susceptibility, as shown in the inset of Figure 3(a) (see Figure
S9 for the full data), and they are again in good agreement with
the experimental data.

In this study, we calculate and model the orbital magnetic
moment in 1-Cr/Cu, which was neglected in previous
studies”'” in more detail and is not generally accounted for
in the studies of metal—organic formates. Here, we show that it
may have a non-negligible contribution to the total magnetic
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moment. Generally, the magnetic moment has spin and orbital
contributions. For a transition metal ion in an octahedral
environment, the orbital magnetic moment is quenched when
the t,, d-orbitals are fully or half-filled. However, the presence
of SOC can still induce a small orbital magnetic moment.”® In
the case where the spin contribution to the ferromagnetic
component is much smaller than 1 yp per magnetic ion, such
as the case of WEM with a tiny canting angle, the orbital
contribution to the ferromagnetic component may become
significant to it. Figure 4(a)b) shows the calculated spin and
orbital magnetic moment of 1-Cu along the a direction and 1-
Cr along the ¢ direction, respectively. Indeed, we found that in
1-Cu, the orbital ferromagnetic component is collinear and
comparable in magnitude to the spin magnetic moment, the
latter of which is not commonly expected for the orbital-
quenched d° case. In the range of large IAl, the orbital
contribution (0.070 up per unit cell at 4 = 1) to the
ferromagnetic moment is larger than the spin contribution
(0.043 ug). On the other hand, for 1-Cr, the contribution of
the orbital moment to the ferromagnetic net moment (—0.024
ug) is much smaller in comparison with the contribution from
the spin moment (0.172 up) and they are anticollinear.
Notably, the experimental effective magnetic moment for 1-Cr
is lower than the spin-only magnetic moment, while that of 1-
Cu is notably higher than its spin-only moment.”® These are
reminiscent of Hund’s third rule of the atomic limit: the spin
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and orbital moments are anticollinear for the less-than-half-
filled case (1-Cr), but they are aligned for the more-than-half-
filled case (1-Cu). In the next section, we define a model of the
orbital angular momentum in 1-Cr/Cu and its interplay with
JT distortion/orbital ordering, which perfectly accounts for the

observed trends.

Model for Orbital Magnetic Moment in 1-Cr/Cu. In
order to explain the orbital magnetic moment in 1-Cr/Cu, we
introduce a model based on perturbation theory and JT
effective Hamiltonian within a single-ion description, which is
an improvement of the previous work.”> The perturbation
approach for the orbital angular momentum and MSIA

555 but we ignore the k-

corresponds to the Bruno theory,
space dispersion for simplicity. The SOC Hamiltonian is
written as Hgoc = {S-L, where S and L are spin and orbital
angular momentum operators, respectively. We will consider

only d-orbitals here.>®
In the O4 octahedron cage, the crystal field splits the d-

orbitals into lower energy t,, orbitals (d,,, d., and d,,) and
— d2). In addition, the JT effect
splits the degeneracy of e, orbitals by deforming the Og

higher energy e, orbitals (dz

cage.””*® This deformation is represented by two distortion
modes, Q = (1/v/2)(L, = ,) and Qs = (1/v/6) (2, — I, - 1),
where the [; means the distance from the center to the oxygen
on the i-axis. The JT-distorted structure is expressed with the
JT phase O)7 as 10)r) = cos O)71Q3) + sin O)71Q,) and tan O)r =
Q,/Qs. The JT effective Hamiltonian taking the e, orbitals as a

basis is given by

gl

I_Iszy{q

9 1
2 + —quI2
L T4 2

1

where g, = q cos O, q, = g sin O)y, and I, is the 2 X 2 identity
. 50,5759 . _ 1~ 2
matrix. *” The energy eigenvalues are E, = +yq + 5Cq

and eigenstates are
ld_(0yr)) = —sin(6)1/2)ld,2_2) + cos(6)r/2)ld2)

|d, (0r)) = cos(Or/2)ld,2_2) + sin(6)r/2)ld,z2) Q)

x =y

These unitary rotated e, orbitals rewrite the orbital angular
momentum operator and, consequently, the SOC Hamiltonian

Hgoc (see Section S7 for details).
The perturbation theory is applied to obtain the orbital

angular momentum induced by SOC. The d-orbitals with the
“JT-rotated” e, orbitals (eq 2) are taken as the unperturbed
basis. Then, the orbital angular momenta are obtained as
expectation values of the orbital angular momentum operators
defined with the JT-rotated e, orbitals up to the first order in {
(see Section S8 for the details). As a result, the orbital angular

moments of the d* (1-Cr) configuration are

pubs.acs.org/IC
0 0\ \*
<cos(%) + ﬁsin(%))
Lx + = _é, Sx
< >d E_?_ _ E}(])Z
2
% 6
<cos(%) - ﬁsin(%))
(Ly>d4 = _C E_?_ _ Eg{ Sy
2
[
(2cos(%))
(L) = =
E - Exy (3)

for each x, y, and z component, where § = (s,, Sy s,) is the local
spin direction with respect to the local orbital coordinates
aligned to the octahedron. We adopt the atomic units in which
h = 1. For the d° configuration (1-Cu), (L,); = —(L))4. It is
noteworthy that the resultant local orbital moment is not
always parallel to the spin. The deviation is explicitly
determined by 0.

The orbital angular momentum formula, eq 3, can be used
for the orbital magnetic moment by simply replacing the
angular momentum with the magnetic moment in the Bohr
magneton g unit for both the spin and orbital as we use the
atomic units. As stated in the previous section, two magnetic
groups, Pn’a’2, and Pna’2,’, are considered for both 1-Cr (d*)
and 1-Cu (d°). For simplicity, we will ignore spin canting in
the following analysis. Once the local magnetic moment at a
reference Cr/Cu site is obtained by eq 3, the magnetic space
group symmetry determines the magnetic moments at other
sites according to the rules listed in Table 2. For the details, see
Section S9 of the SI

Table 2. Symmetry Operations in Pna’2," and Pn’a’2,”

Pna'2,’ Pn'a’2,
op. L op. L
1 (Lal Lh; Lc) 1 (Lu) Ll:) Lc)
n (La’ _Lbr _Lc) n' (_Lal Lb) Lc)
a’ (Ly =Ly, L) a (Lo =Ly L)
21/ (Laf th _Lc) 2'1 (_Lm _Lh) Lc)

“Symmetry operations and the transformation rules of the magnetic
moment (L) in the magnetic space group Pna’2,’ and Pn'a’2,. 1
represents the identity operation. Subscripts a, b, and ¢ are the
crystallographic axes.

For the d* configuration (Cr**) with Pn’a’2; symmetry, the
total orbital moment is

Pn'a’2 ¢ ¢
<Lt:ta{ll t=-2 -

0 0 0 0
E) - E), E) - E

X

X sin §(2 — cos O)y)

_2\/§ oé:o+o 0

sin 6, sin Oy
+ yz + ZX
(4)
along the c-axis, where 6, is the tilting angle of the O
octahedron from the c-axis. Since the difference between the
t), orbitals Eyzo and E,° is smaller than the crystal field
splitting, the first term is small compared to the second term.

Moreover, (L), Vanishes when 6; = 7 or 4 = 0, since I, & I,
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leads to E;’Z ~ EJ. It is consistent with the first-principles
results that the total ferromagnetic moment vanishes at 4 = 0.
By introducing the approximation E;)z =E. = Egy =E, o the

orbital magnetic moment can be simplified as

(L ?0[1;11,21 = -43 E° EEO sin 6 sin Oy
+ tzg (5)

Interestingly, for the d*(Cr**) with Pna’2,” symmetry, the same
total orbital magnetic moment formula is obtained, (L)f:’;;iz‘, =
(L)f?t;‘f/z‘, except that the direction is along the g-axis.
Therefore, the same arguments are also valid, leading to the
same simplified form of eq S. For the d° configuration (Cu*"),
the sign of the orbital magnetic moment is inverted in both
magnetic groups.

As a preliminary step for the comparison between the DFT
results and the predictions from the model, we parametrize the
JT phase of a reference Cr/Cu ion as a function of 4,
tan(ﬂ'—HJT) / tan(ﬂ'—HJT, 121) = 4, where 01,41 is the JT phase at
A =1 (see Section S9 for the details). For simplicity, let us
consider Oy ,_; = 2m/3. The JT phase becomes O = 7 —
tan_l(\/ 34). As a result, the simplified orbital magnetic
moment, eq 5, can be written in terms of A.

V32

3+ 1 (6)

FT 4
<L>total = +4\/§ EO 0

+ tzg

sin 0,

Ignoring the JT phase dependency of E’s, we define the 1
independent factor of this expression as A = 14\/ 3(¢/(ES —
E}))sin6. To check the validity of our approach, we

compared the model with the DFT values by fitting the single
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parameter A. The fitted A values are 0.090 for 1-Cu and
—0.033 for 1-Cr. In addition, the A values are estimated from
physical parameters as 0.082 for 1-Cu and —0.040 for 1-Cir,
which are in good agreement with the fitted values (see Section
S9). As shown in Figure 6(c,d), the model with these A values
well explains the DFT results.

As a further step, let us consider the direction of the local
orbital magnetic moment of a reference Cu and Cr ion
expected from eq 3, as shown in Figure 6(a,b) in the spherical
coordinates with respect to their local orbital-axes, respectively.
The directions from DFT are shown together for comparison.
Except for the deviation in the polar angle @ of 1-Cu, the
model well predicts the orbital magnetic moment direction.
The deviation may originate from oversimplification of the
model, such as ignoring the &}r-dependence of orbital energies,
degeneracy, and higher orders in {.

Interestingly, the model accounts well for the finite orbital
magnetic moment, although we assumed the uncanted spin
configuration in which the total spin moment vanishes. This is
possible because the local spin and orbital moments are not
parallel in 1-Cr/Cu. The orbital moment rotates depending on
the JT phase in spite of the fixed spin direction. The inclusion
of the small spin canting would not significantly alter the
predicted orbital moment (~1%). In other words, the orbital
moment is insensitive to a moderate spin fluctuation, i.e., the
orbital moment is robust. Moreover, the orbital magnetic
moment is linear to the SOC strength , whereas the MSIA is
second-order (Section S10). These properties provide a robust
justification of WEM in terms of the total magnetic moment
(spin + orbital) for 1-Cu and also emphasize the role of the JT
effect on it. Our prediction might be confirmed by an X-ray
magnetic circular dichroism experiment,”” which can measure
the orbital magnetic moment.
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Figure 7. Spin textures of (a) 1-Cu and (b) 1-Cr at the k, = 0 (upper panels) and k, = /¢ (lower panels) planes. The in-plane x and y components
are represented by arrows of which the length is the in-plane magnitude with respect to the reference spin 1/2 above the figure. The z components
are represented by a colormap of dots. The inner boundary of each figure coincides with the Brillouin zone boundary.

Finally, we note that the complex interplay between the
SOC and JT distortion may induce unusual spin and orbital
textures in the k-space. The spin texture (s, = (Wi, ISwi,),
where 7 is a band index) of the highest occupied band of each
compound at k, = 0 and k, = /¢ planes are shown in Figure 7.
In 1-Cu, a “curly” in-plane texture appears around the center at
the k, = 0 plane. On the other hand, an irregular texture mostly
aligned to the z-direction can be seen at the k, = /¢ plane. In
1-Cr, persistent-type spin textures’' appear for both the k, = 0
and k, = 7/c planes. Since the orbital magnetic moment is non-
negligible in 1-Cu, it is worth investigating the orbital texture
in 1-Cr/Cu. For example, we found a Dresselhaus-type®”
orbital texture in 1-Cr (see Section S11 in the SI).

B CONCLUSIONS

In this work, we reported for the first time the synthesis of 1-
Cr, a missing member of the [C(NH,);]M(HCOO); family.
We identified that 1-Cr has a perovskite-type JT-distorted
polar Pna2; structure as initially predicted, as well as an AFM
ordering below 8 K. We provided an improved understanding
of the magnetic properties of 1-Cr/Cu by the first-principles
calculation and model studies, which provide a better estimate
of the T by including the on-site Coulomb energy corrections
in DFT. The revised magnetic moment estimation is also more
consistent with the experiment. In addition, new calculations
suggested the potential importance of the orbital magnetic
moment in 1-Cr/Cu, ie. the contribution of the orbital
magnetic moment to the net ferromagnetic moment is even
larger than the spin contribution in 1-Cu. We revealed that the
orbital magnetic moment is robust and explicitly coupled with

the JT distortion by the model study. This approach can
generally be considered in the d*/d® JT systems.
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