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Following the recent excitement in two-dimensional (2D) magnetism, we propose a yet-unexplored class of
2D ferromagnets derived out of Cr-based organic-inorganic layered compounds. Our density functional study
in conjunction with model calculation establishes that assisted by the finite magnetocrystalline anisotropy,
the ferromagnetic long-range order survives at the atomically thin limit consisting of monolayer of Cr spins,
with calculated magnetic transition temperatures of ~10-20-K. Upon application of modest magnetic field,
the magnetic transition temperature is found to increase substantially. The calculated exfoliation energy suggests
that synthesis of these 2D compounds through mechanical exfoliation is possible, which should encourage future

experiments on this proposed class of 2D magnets.
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I. INTRODUCTION

Engineering two-dimensional (2D) functional devices is
an upcoming branch of technology. Extraordinary electronic
properties of several 2D materials such as graphene and
transition metal dichalcogenides have already been exploited
in a host of electronic and optoelectronic applications [1-3].
Two-dimensional spintronics, on the other hand, remain rel-
atively less explored, although it has drawn the attention of
several researchers recently. An attempt has been made to
engineer magnetism in 2D materials externally through, e.g.,
the introduction of defects [4-6], grain boundary and edge
geometry tailoring [7], and proximity effects to magnetic
substrates [8]. These efforts, however, have been found to fall
short of the consistent stabilization of long-range magnetic
order that is necessary for the manifestation of macroscopic
magnetic effects. Successful realization of long-range mag-
netism, especially ferromagnetism in 2D systems, could pro-
vide breakthroughs in several frontier technologies in light of
their attractive electronic and optical properties. For concise
reviews on this topic, see Refs. [9—13].

A fundamental hindrance in realizing functional 2D mag-
netic devices is given by the Mermin-Wagner theorem [14].
This proves that a 2D array of spins, described by an un-
derlying isotropic Heisenberg Hamiltonian, cannot show a
transition to a magnetically ordered state above absolute zero
temperature, with long-range ordering being destroyed by any
finite thermal fluctuation. Introduction of anisotropy makes
the transition temperature finite by opening a gap in the
spin-wave spectrum, thus suppressing the effect of thermal

“t.sahadasgupta @ gmail.com

2469-9950/2020/102(5)/054411(7)

054411-1

fluctuations. Hence, to stabilize long-range magnetic order in
2D materials, one needs to search for compounds in which
magnetic anisotropy is retained down to atomically thin lay-
ers.

Layered van der Waals (vdW) crystals offer a natural
choice for exploration in this domain for two primary reasons:
(a) the existence of three-dimensional (3D) ferromagnetic
vdW compounds exhibiting easy-axis anisotropy and (b) weak
interlayer binding facilitating direct mechanical exfoliation.
Such a recipe has already been found to be successful in
materials like Cr,Ge,Teg [15] and Crl; [16], which showed
ferromagnetic ordering down to bilayer and monolayer limits,
with magnetic transition temperatures of =~ 30 and 45 K,
respectively. Room-temperature magnetism in hydroxofluo-
rographene has been discovered [17,18]. It remains to be
seen whether this list can be expanded further by adding
new candidate materials, providing an understanding of 2D
ferromagnetism in a diverse class of materials.

Ternary chromium halides A,CrX; (A = Cs™, Rb™, K+,
X = CI) have been studied heavily, as they form rare exam-
ples of ionic insulators which show long-range ferromagnetic
order, with magnetic transition temperatures around 50 K
(e.g., for Rb,CrCly, T. = 52.4 K) [19,20]. They crystal-
lize in the K,;NiF, structure, which is the n = 1 limit of
the Ruddlesden-Popper series, A,+1M,X3,+1. Interestingly,
it has been possible to replace A in A,CrXy by a variety
of organic cations. To date, several such compounds with
the general formula (R-NH3),MX, (R = n-alkyl, C,Hy,+; or
C¢Hs5CH,) have been synthesized, namely, (CH3-NHj3),CrCly
[21], (C2H5—NH3 )2CI‘C14 [21], (C3H7—NH3)2CFC14 [22],
(C6H5-CH2-NH3 )2CI’C14 [23], (C6H5-CH2-NH3 )2CI'BI'4 [24],
and (NH3-(CH;)3-NHj3)CrCly [25]. The presence of an or-
ganic cation in the structure provides the flexibility to
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modulate the distance between inorganic layers by consider-
ing large and complex organic cations as well as introducing
van der Waals interaction between the organic chains. This
gives us the hope of realizing freestanding monolayers of
(R-NH3),CrX, complexes, holding the promise of 2D mag-
netism.

In the following we explore this possibility by consid-
ering the cases of the phenylmethylamine chromium com-
pound with Br halide, (C¢Hs-CH,-NHj3),CrBry (PMA), and
the propane-1,3-diammonium chromium compound with Cl
halide (NH3-(CH;,)3-NH;3)CrCly (PDA), and investigating the
magnetic properties of the atomically thin 2D limits of their
3D counterparts. Our choice of compounds has been guided
by the availability of x-ray single-crystal studies [24,25]. Our
first-principles density functional theory (DFT) based study
combined with the solution of the model Hamiltonian con-
cludes that the atomically thin 2D limit of chromium-based
organic-inorganic hybrid perovskites indeed can support long-
range ferromagnetic ordering, opening the door for a new
family of 2D ferromagnets.

II. METHOD

The first-principles DFT calculations are performed using
the Vienna Ab initio Simulation Package (VASP) [26-29] with
the plane-wave basis and projector augmented-wave [30,31]
potentials. The exchange-correlation functional is approxi-
mated within the generalized gradient approximation (GGA)
as implemented in the Perdew-Burke-Ernzerhof [32] func-
tional. The electron-electron correlation beyond the level of
GGA is taken into account through a supplemented U, Jy
correction at Cr sites as in Dudarev’s GGA + U formalism
[33]. Within the GGA + U formulation of Dudarev et al.
[33], U — Jy is a parameter of the theory for which a choice
needs to be made. The localized character of Cr d states,
as presented in the following, suggests the U — Jy value is
large. The constraint local-density approximation calculation
carried out on early transition metal oxides [34] estimated a
U value of 8.8 eV, while that using the linear response on
a Cr-based metal-organic molecule [35] estimated a value of
6.1 eV. The estimate of U depends on the crystal environment,
as the same ion in a different crystal environment may exhibit
different U values due to the differential screening effect. To
appreciate the U dependency on calculated magnetic prop-
erties like exchanges, we consider results for the choice of
U—-Jy =0, 4, and 8 eV, among which 8 eV appears to
be the best (see the discussion below). To resolve this issue
further, we carry out a constrained DFT calculation [36] for
the representative PMA compound. This calculation results in
a U value of 8.7 eV with a Jy of 0.9 eV, confirming the choice
of U —Jy = 8 eV to be not an unreasonable choice. The
results presented in the following are for the choice of U — Jy
= 8 eV, although for comparison results for U — Jy = 4 eV
are also presented. Van der Waals interactions, important for
organic ligands, are included within the modified dispersion
correction DFT-D3 approach of Grimme [37]. The results
are cross-checked using nonempirical vdW, available in VASP
[38]. A plane-wave energy cutoff of 600 eV and Brillouin
zone sampling with 10 x 2 x 10 Monkhorst-Pack grids
are found to be sufficient for the convergence of energies
and forces. For structural relaxations, the ions are allowed
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FIG. 1. Bulk crystal structures of (a) (PMA-NH;),CrBry and
(b) (NH3-PDA-NHj3)CrCly. Shown are the CrX; octahedron with
four short (s) and two long (/) bonds, the two-dimensional connectiv-
ity of the corner-shared CrX, octahedra, and the 3D structure formed
2D inorganic layers connected by organic linkers. The Cr, Br, CI, C,
N, and H atoms are marked with blue, brown, green, dark gray, light
gray, and white balls, respectively.

to relax until the atomic forces become less than 0.0001
eV/A. The bulk crystal structures are optimized by fixing
the experimentally determined space group symmetries and
experimental values of lattice parameters [a = 7.91 (7.24)
A, b =32.06 (18.54) A, and ¢ = 7.76 (7.52) A for PMA
(PDA)][24,25]. Allowing lattice parameters to relax resulted
in less than 2% variation of the lattice parameters compared
to experimental values. A comparison of the fully relaxed
crystal structures and experimentally reported ones is pre-
sented in the Appendix. Note that experimentally reported
crystal structures do not include the H atom positions, which
have been found theoretically. For 2D structures, the in-plane
lattice constants are kept fixed as in 3D structures.

III. CRYSTAL STRUCTURE

Both the PMA and PDA compounds crystallize in the
orthorhombic space group, with symmetries Pnma and Pacbh,
respectively. The basic structural unit, as shown in Fig. 1,
is the CrXg octahedra with four short (s) bonds and two
semicoordinated long (/) bonds due to Jahn-Teller activity of
the Cr’* d* ion. The CrXg octahedra corner share to give
rise to two-dimensional connectivity of the inorganic part
of the structure. The ammonium head group of (RNH3)*
cations form hydrogen bonding with the halogen atoms in
the cavity formed by two neighboring CrXs octahedra. This
breaks the fourfold symmetry of the parent K,NiF, structure.
The inorganic layer is puckered, with Cr-X-Cr bond angle
deviating from 180°, with the deviation being about 15°-20°,
as shown in Fig. 1. Successive inorganic layers are linked by
(RNH3)" chains, thereby separating them by about 16 A for
PMA and by about 9 A for PDA. The organic layers are placed
tail to tail and bound together solely by van der Waals forces,
forming the 3D connectivity.

Starting from such layered 3D structures, it should be
possible to realize the 2D (R-NHj3),CrXy/(NH3-R-NH3)CrXy
analogs through mechanical exfoliation. For mechanical ex-
foliation, it is necessary to overcome an energy barrier,
namely, the cleavage energy E,;. This can be defined as the
energy needed to create two (top and bottom) surfaces by
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FIG. 2. Energy difference between layer-separated and bulk
compounds as a function of interlayer separation d. Shown for the
representative case of PMA. Similar results are obtained for PDA.
The bottom inset shows a comparison of cleavage energy for PMA
and PDA compounds in comparison to other layered compounds.
The data for graphite, h-BN, black phosphorus, GeP3, MoS,, TcS,,
ReS,, CrCTes, TizC,, and Ti,C are obtained from Refs. [41-48],
respectively. Two top insets show the 2D structures of PMA and
PDA. The Cr, Br, Cl, C, N, and H atoms are marked with blue, brown,
green, dark gray, light gray, and white balls, respectively.

cleaving the bulk compounds along the inorganic CrX, plane
[39,40], E,; = 2%, where Ejg,p, is the total energy of
the cleaved system with two bare surfaces, Epy is the total
energy of the same in the bulk state, and A is the surface
area. Figure 2 shows the estimated cleavage energies for PMA
and PDA, obtained by computing the area-normalized energy
differences between the layer-separated and bulk compounds
upon increasing the interlayer separation until the individual
layers are sufficiently far that the dispersive interactions are
negligible. It is encouraging to note that computed E,; values
(0.182 and 0.175 J/m? for PMA and PDA, respectively) are
smaller than those of the layered compounds reported earlier
(see the inset in Fig. 2) and, by about a factor of 2, smaller
than the experimentally measured cleavage energy of graphite
(0.37 J/m?) [41]. This strongly suggests that these layered
compounds should be cleavable.

The derived 2D structures are shown as insets in Fig. 2.
Compared to the bulk counterparts, the Cr-X-Cr buckling
angles were found to deviate by 1°-5°, with the overall
connectivity in the inorganic plane and Cr-X bond lengths
remaining more or less unchanged.

IV. ELECTRONIC STRUCTURE

The calculated GGA + U density of states of bulk PMA
and PDA and their 2D counterparts, projected to Cr d, X
(Cl/Br) p, and ligand states, is shown in Fig. 3. As seen
from the figure, Cr d states are completely empty in the
minority-spin channel, which is suggestive of the high-spin
configuration of Cr**. In the majority-spin channel, the Cr
d states are primarily occupied, spanning an energy range
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FIG. 3. The GGA + U density of states, projected to Cr d
(black), halogen p [red (light grey)], and organic ligand states [blue
(dark grey)] for (a) 3D-PMA, (b) 3D-PDA, (c) 2D-PMA, and (d) 2D-
PDA. The zero of the energy is set at the Fermi energy.

of about —4.5 eV to about —3.5 eV, with an unoccupied
part around 3.5 or 4 eV, in agreement with the high-spin
d* configuration of Cr. The halogen states occupy an energy
range —2 to 0 eV, admixed with Cr d states. The states arising
from organic ligands lie around —3 eV. The overall features
of the DOS do not show a significant difference between the
3D and 2D counterparts.

The GGA + U scheme results in a magnetic moment of
about 3.8up at the Cr site, with a total moment of 16up in
the cell, in accordance with the four formula unit cell of the
orthorhombic symmetry with four Cr atoms in the cell. A
significant fraction of the moment is found to reside at halogen
sites, implying strong Cr-X covalency.

V. MAGNETIC PROPERTIES

The magnetic exchanges of the considered (PMA-
NHj3),CrBrg and (NH3-PDA-NHj3)CrCly compounds are es-
timated by computing total energies of four ordered arrange-
ments of the Cr’*t § = 2 spins: (a) ferromagnetic (FM), (b)
A-type antiferromagnetic (A-AFM), where Cr** spins align
parallelly within the plane and antiparallelly out of the plane,
(c) C-type antiferromagnetic (C-AFM), where Cr** spins
align antiparallelly in the plane and parallelly out of the plane,
and (d) G-type antiferromagnetic (G-AFM), where Cr** spins
align antiparallelly in all directions and map onto an effec-
tive spin model with nearest-neighbor in-plane interaction
and out-of-plane interaction. Farther-neighbor interactions are
negligibly small due to large distances and/or the absence
of connected paths. For example, for PMA, second-neighbor
intralayer exchange interactions do not have connected su-
perexchange paths and have a distance of 7.76 A compared
to 5.54 A for nearest neighbors. This is also in accordance
with experimental findings on these compounds for the bulk
structure [49]. For their 2D counterparts, two ordered spin
states of the Cr?* ion were considered: (a) FM and (b) AFM,
where Cr?* spins aligned antiparallelly within the plane. The
computed GGA + U energies are given in Table L.

The resultant magnetic exchanges, obtained by map-
ping the total energies onto the S =2 spin model H =
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TABLEI. Total energy of 3D and 2D structures of the considered
organic-inorganic compounds in different magnetic configurations of
four (two) Cu spins in the 3D (2D) unit cell. Magnetic configurations
are specified by + (—) signs for spin-up (spin-down) states of the Cr
ions, with the first two Cr spins in the same plane and the next two in
the neighboring plane in three dimensions. The two Cu spins in two
dimensions lie in same plane. The energy is measured with respect
to the FM configuration.

Systems Magnetic states Energy (meV)
PMA-3D FM(++++) 0
A-AFM (++ —-) —0.162
C-AFM (+ — +-) 50.737
G-AFM (+ — —4) 48.927
PMA-2D FM (+ +) 0
AFM (+-) 23.940
PDA-3D FM (+ 4+ ++) 0
A-AFM (++ —-) —0.246
C-AFM (+ — +-) 48.895
G-AFM (+ — —4) 43.631
PDA-2D FM (+ +) 0
AFM (+-) 19.589

Zm JijSi.S; (S; is the spin operator at site i, with (ij)
denoting nearest neighbors, J < 0 indicates FM exchange,
and J > 0 indicates AFM exchange), for the 3D and 2D
counterparts are shown in Fig. 4(a). We find the in-plane
exchanges are ferromagnetic for both the 3D and 2D coun-
terparts, with estimated values of about 0.8 meV for the
choice of U —Jy = 8 eV. The influence of the choice
of the U — Jy value on exchanges can be appreciated by
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FIG. 4. (a) In-plane exchanges J;, of (PMA-NH;),CrBry and
(NH3-PDA-NH;)CrCly in the 3D bulk structure and 2D counterparts.
The inset shows the out-of-plane exchange J, in 3D structures.
(b) The crystal field splitting and occupancy of the Cr*" ion.
(c) A plot of spin density showing orbital ordering due to antifer-
rodistortive distortion. (d) Calculated magnetic anisotropy energy
of (PMA-NH;),CrBry and (NH;-PDA-NH;3)CrCly in the 3D bulk
structure and 2D counterparts.

comparing the J values obtained with the choice of U — Jy
= 4 eV, which are J;,, ~ —2 meV for PMA and —1.80
meV for PDA, and the corresponding values for U — Jy =
0 eV, which are —8.8 meV and —8.2 meV, respectively.
The agreement between the calculated and measured values
of near-neighbor ferromagnetic exchange (13.1 K) extracted
by high-temperature series expansion fits of the magnetic
susceptibility [50] for the PMA compound is found to be best
for the choice of U —Jy = 8 eV among the three choices
0eV (=102 K), 4 eV (/=23 K), and 8 eV (J =93
K). The agreement is good, considering the limitations of
the theory and the fitting procedure of the experiments as
well as sample qualities. We have also checked the results
for magnetic exchanges by using the crystal structure from
the full structural relaxation and found the influence to be not
significant, resulting in J = 0.76 meV with a fully optimized
structure, compared to 0.8 meV in the PMA compound. For
3D systems, the out-of-plane exchanges are two orders of
magnitude smaller than the in-plane exchanges, in accor-
dance with the large separation between the layers connected
through weak van der Waals coupling.

The in-plane ferromagnetic exchange is driven by the
antiferrodistortive ordering of the Jahn-Teller distorted CrXg,
which makes tetragonally elongated CrXg octahedra lie in
plane, but the local z axes of the neighboring CrXs octahedra
are at right angles to one another. The tetragonal crystal field
splits the e, levels with d3.2_,> being half filled and d>_
being empty, with a large energy separation of about 1.7 eV
[see Fig. 4(b)], with z being the local coordinate pointed along
the direction of elongation. The antiferrodistortive structure
makes the half-filled d5,2_, orbital at a given Cer site, delocal-
ized to X 3 p, due to the finite Cr-X covalency, overlap with
the empty d,>_,» orbital at the neighboring site [see Fig. 4(c)],
promoting ferromagnetic Cr-X -Cr superexchange.

Having estimated magnetic exchanges, we next compute
the magnetic anisotropy energy (MAE), which is crucial for
the stabilization of long-range magnetic order in the 2D limit.
MAEs are estimated from fully self-consistent total-energy
calculations, switching on the spin-orbit coupling (SOC)
within the framework of GGA + U + SOC calculations with
the magnetization axis pointed along the c axis and perpendic-
ular to it. The easy-axis magnetic anisotropy energy is found
to be slightly smaller in the 2D counterparts compared to bulk
compounds, with a finite nonzero value of 0.2 meV for PMA
and 0.1 meV for PDA [see Fig. 4(d)]. While the MAE values
are small, pushing to the limit of DFT accuracy, similarly
small values of MAE have been estimated for Cr,Ge,Teg [15].

VI. SPIN-WAVE SPECTRUM

The magnetic behavior of the derived 2D structures can be
described by an S = 2 Heisenberg Hamiltonian with general-
ized magnetic anisotropy:

H = JZS,- S+ ZAia,ﬂSiaSti
(i) i
where A, g is a matrix with real diagonal components and
complex off-diagonal terms and encodes all possible ways in
which the single-ion anisotropy can be added to the Hamilto-
nian. J is assumed to be ferromagnetic (negative) following
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FIG. 5. The spin-wave spectra obtained by exact diagonalization
of the spin Hamiltonian, setting the anisotropy to zero (black), to
values corresponding to PDA (red), and to values corresponding
to PMA (green). The system size is 4 x 4. The inset shows the
dependence of 7. of PMA on the external magnetic field. It is
estimated from renormalized spin-wave theory, as discussed in the
text.

the DFT input. Within the framework of the general form of
the easy-axis single-ion anisotropy (SIA), several possibilities
exist. In the simplest possibility, which is also conventionally
used, A;;; is the only nonzero element of A;, g. This leads to
—AiZZSiZZ, as the SIA term in the Hamiltonian at site i, favoring
orientation along the z axis. For the DFT estimate of the STA
energy Ac,, this would mean that we identify A;,, = |Ac¢;| and
assume it is the same on all sites. With this choice, exploiting
the large value of the spin and employing the 1/S Holstein-
Primakoff approach with S;L = (28 — n)"?a;, ST = a'(28 —
n)'?, and ¢ =S —n; [a; (a]) are magnon (annihilation)
creation operators, and »; are the boson occupation at site i],
the spin-wave dispersion is given as

wy = S{J[4 — 2cos(k,) — 2cos(ky)]} + [Ac (28 — 1).

In the limit of |k| — 0, w; ~ S|J||k?| + Ac,(2S — 1). Thus,
the gap in the spin-wave spectra is 3A¢,, with S = 2. As is
well known, the gap to the spin-wave excitation avoids the
infrared divergence of the magnon density at low temperatures
and the ensuing collapse of long-range order that would have
otherwise occurred in the two-dimensional Heisenberg model.

Moving beyond the T = 0 Holstein-Primakoff approach,
we compute the spin-wave spectrum within Lanczos-based
diagonalization, considering the AizzSizz term. The results are
shown in Fig. 5 (main panel). As expected in the absence of
anisotropy (A = 0), the spin-wave spectrum shows the ab-
sence of a gap. Inclusion of anisotropy gives rise to a nonzero
excitation gap in the spectrum, thus stabilizing the sponta-
neous symmetry-breaking long-range ferromagnetic ordering.
With DFT-estimated parameters J and A, the spin-wave gap
for PDA turns out to be 0.3 meV, while for PMA the gap is
estimated to be 0.6 meV. These values are in close agreement
with the Holstein-Primakoff estimate of —A;,,(2S — 1), which

gives 0.08 meV (PMA) and 0.18 meV (PDA) for A;;; = |Ac¢|
and | Ag,|, respectively.

To estimate 7. for these materials, we have employed
renormalized spin-wave theory [51,52], which was used re-
cently in a similar context [15]. In this approach, we estimate
the number density of magnons (bosons) at a given tempera-
ture by computing the temperature-dependent magnon occu-
pation. To do this we first use a self-consistent Hartree-Fock
scheme to calculate the magnon dispersion @q, retaining the
magnon-magnon interaction term. From the magnon number
density we calculate

1 1
M(T)/MO) =1 - > T 1"
q

Here, M(T)/M(0) is the ratio of the temperature-dependent
magnetization at a temperature 7 to the saturation magneti-
zation at T = 0. K is the Boltzmann constant, and N is the
total number of lattice sites. An estimate of 7. can be made
from this by identifying the 7, with the temperature where
M (T)/M(0) becomes zero. For the cases of PMA and PDA,
we find that the finite anisotropy stabilizes a T, of 21 and
11 K, respectively. We emphasize that similar to monolayer
Crl; [16], in the studied compounds, even the zero-field case
shows a substantial value of 7,.. For comparison, 7. values
calculated for bulk PMA and PDA compounds turn out to
be 37 and 18 K, respectively. To investigate the effect of
the choice of U — Jy on T., T. values are also calculated
using J estimated for U — Jy = 4 eV, resulting in estimated
T. of 23 and 14 K for 2D PMA and PDA, respectively,
and those of bulk compounds of 40 K (PMA) and 22 K
(PDA). The only experimentally estimated 7, available for
bulk PMA is 52 K [50]. Considering the approximations
related to renormalized spin-wave theory as well as estimates
of U-dependent J and anisotropy energies, the comparison of
calculated 7; of bulk and experimental estimates is reasonable.
We note that 7, of the 2D counterparts are 0.5-0.6 times
that of the bulk counterpart. For monolayer Crl; and bilayer
Cr,Ge,; Teg, the ratio was found to be about 0.75 and about 0.4,
respectively [53].

Further, we explore the effect of magnetic field. Applica-
tion of a modest strength of the magnetic field is found to
enhance T, significantly (see the inset in Fig. 5), with a value
of ~31K at afield of 3 T for PMA. A similar trend was found
in Cr,Ge, Teg [15].

VII. SUMMARY

In summary, employing first-principles DFT calculations,
the solution of the DFT-derived spin Hamiltonian from spin-
wave theory, and exact diagonalization, we explored the pos-
sibility of 2D ferromagnetism in Cr-based organic-inorganic
hybrid compounds. Our computational study showed these
compounds are easily exfoliable due to the weak van der
Waals interactions between organic tails, with the exfoliation
energy being smaller than those of graphite, metal dichalco-
genides, and h-BN. The exfoliated 2D counterparts retain
the ferromagnetic correlation between the in-plane Cr spins
arising due to the antiferrodistortive arrangement of the Cr-
halogen octahedra. Interestingly, the easy-axis anisotropy of
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TABLE II. Experimental structural parameters of PMA and PDA [24,25]. Quantities in parentheses represent the corresponding values
after full relaxation of the structures. H atom positions are not shown as they are not available in the literature.

System Lattice constants (a, b, ¢) (A)

Atom  Wyckoff positions

Coordinates (x, y, 7)

PMA (bulk) 7.909 (7.791), 32.060 (31.997), 7.760 (7.625)  Brl
Br2
N
Cl
C2
C3
C4
C5
C6
C7
Cr

7.235(7.103), 18.535 (18.432), 7.517 (7.392)  Cl1
CI12
N
C1
C2
Cr

PDA (bulk)

8¢ 0.955 (0.952), 0.421 (0.417), 0.023 (0.025)

8¢ 0.783 (0.791), —0.489 (—0.488), 0.239 (0.269)
8c 0.534 (0.531), —0.069 (—0.072), 0.529 (0.529)
8¢ 0.447 (0.440), —0.104 (—0.108), 0.450 (0.445)
8¢ 0.478 (0.475), —0.145 (—0.149), 0.535 (0.537)
8c 0.618 (0.622), —0.169 (—0.172), 0.500 (0.498)
8¢ 0.649 (0.653), —0.205 (—0.210), 0.591 (0.587)
8¢ 0.525 (0.539), —0.219 (—0.224), 0.702 (0.717)
8c 0.397 (0.393), —0.197 (—0.200), 0.750 (0.757)
8¢ 0.368 (0.361), —0.159 (—0.163), 0.659 (0.666)
4b 0.000 (0.000), —0.500 (—0.500), —0.000 (0.000)
8d 0.978 (0.975), 0.870 (0.865), 0.960 (0.958)

8d 0.245 (0.251), 0.017 (0.016), 0.212 (0.222)

8d 0.014 (0.012), 0.378 (0.381), 0.546 (0.551)

8d 0.973 (0.982), 0.312 (0.315), 0.441 (0.423)

4c 0.032 (0.030), 0.250 (0.250), 0.527 (0.525)

4a 0.000 (0.000), 0.000 (0.000), 0.000 (0.000)

Cr spins, although showing a slight decrease in 2D systems
compared to the corresponding 3D counterparts, remains fi-
nite with appreciable values of 0.1-0.2 meV. This helps in
the stabilization of the ferromagnetic long-range order in the
2D monolayer of Cr spins. The calculated 7, values, which
depend on the choice of the U parameter in our theory, turn out
to be 21-23 and 11-14 K for the PMA and PDA compounds,
respectively, the two Cr-based organic-inorganic compounds
considered in the present study. Compared to calculated bulk
T., the corresponding monolayer 7, is suppressed but remains
substantial. The trend of 7, being lower for the Cl compound
(PDA) compared to the Br compound (PMA) follows the
trend observed for related bulk compounds [24]. We further
found that application of a modest magnetic field is capable of
enhancing T, as found for the case of Cr,Ge,Teg [15]. In the
case of PMA, upon application of magnetic field, 7, is found
to be enhanced appreciably, giving a T, which is in the same
ballpark as other insulating 2D ferromagnets like Crls, with

an experimentally estimated value of 45 K in monolayer Crl3
[16]. We expect our theoretical exercise will motivate future
experimental studies.
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APPENDIX: CRYSTAL STRUCTURE DATA

The structural parameters of PMA and PDA are given in
Table II.
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