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ABSTRACT: Hybrid organic—inorganic perovskites are famous for the diversity of their chemical compositions, phases, phase
transitions, and associated physical properties. We use a combination of experimental and computational techniques to reveal a
strong coupling between structure, magnetism, and spin splitting in a representative of the largest family of hybrid organic—inorganic
perovskites: the formates. With the help of first-principles simulations, we find spin splitting in both conduction and valence bands of
[NH,NH;]Co(HCOO); induced by spin—orbit interactions, which can reach up to 14 meV. Our magnetic measurements reveal
that this material exhibits canted antiferromagnetism below 15.5 K. The direction of the associated antiferromagnetic order
parameter is strongly coupled with spin splitting in the centrosymmetric phase, allowing for the creation and annihilation of spin
splitting through the application of a magnetic field. Furthermore, the structural phase transition to the experimentally observed
polar Pna2, phase completely changes the aforementioned spin splitting and its coupling to magnetic degrees of freedom. This
reveals that in [NH,NH;]Co(HCOO);, the structure and magnetism are strongly coupled to spin splitting and can be manipulated
through electric and magnetic fields. We believe that our findings offer an important step toward a fundamental understanding and
practical applications of materials with coupled properties.

B INTRODUCTION critical for applications in spintronics.*”'? Structural degrees of
freedom are typically associated with ionic positions and lattice
vectors and can be manipulated through temperature and
external fields.'" Ferroics usually offer great opportunities for
structural manipulations, as they have a tendency to undergo
phase transitions and often couple to electric fields. Magnetic
degrees of freedom are usually associated with localized spins
and may be either disordered or ordered. Examples are
paramagnetism and (anti) ferromagnetism, respectively. While
ferromagnetism results in spin-dependent electronic band

The ability to couple structural and magnetic degrees of
freedom to materials properties is of tremendous scientific and
technological importance. For example, coupling between
structural and electron spin degrees of freedom is promising
for applications in spintronics.”> One of the ways to access
spin degrees of freedom is through spin—orbit interaction,
which breaks the Hamiltonian symmetry and splits spin-
degenerate bands.”* Spin—orbit interactions in solids give
origin to the so-called Rashba and Dresselhaus effects, which
originate from structural inversion asymmetry and bulk

inversion asymmetry, respectively.3’5_7 These effects give Received: December 27, 2023 =JACS
origin to spin splitting in the electronic bands and, Revised:  April 15, 2024

consequently, the opportunity to access a particular spin Accepted:  April 16, 2024

channel and also lead to the emergence of spin texturing in Published: May 1, 2024

either real or reciprocal space. Certain types of spin textures

are known to enhance spin states’ lifetimes and, therefore, are
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Figure 1. (a) Temperature dependence of the magnetization (blue) and its derivative dM/dT (red); (b) inverse susceptibility as a function of
temperature ¥ '(T) and a fit to the Curie—Weiss law (red line); and (c) magnetic field dependence of the magnetization curve taken at 10 K,
showing a ferromagnetic hysteresis at low fields and a spin-flop transition around 6.5 T.

structures, more subtle effect of spin splitting has been
predicted from group theoretical analysis in antiferromagnetic
(AFM) materials."*~"? Remarkably, some AFM materials can
exhibit spin splitting even in the absence of spin—orbit
interactions.'” Recently, a novel class of magnetic materials
known as altermagnets has emerged. These materials are
collinear antiferromagnets, where spin sublattices are con-
nected by proper or improper spatial rotation operations and
exhibit spin splitting in their electronic bands in the
momentum space, in the absence of spin—orbit coupling
(SOC).*°~** 1t appears that materials in the ferroic, or more
precisely multiferroic, family may have significant potential for
coupling structure and magnetic ordering to spin splitting. This
motivated us to look into the hybrid organic—inorganic
perovskite class of materials, that share the chemical formula
ABX;, where A typically is an organic cation and B is an
inorganic cation, while X could be either organic or
inorganic.”” In particular, we will look into one of the largest
families in this class: hybrid formate perovskites with chemical
formula AB(HCOO),.>* What makes them attractive for our
search of materials with coupled degrees of freedom is that
many of them exhibit AFM ordering and many undergo phase
transitions into polar space groups above room temperature.”®
For example, [NH,NH;][Co(HCOO),] and [CH;NH,NH,]-
[Mn(HCOO),] exhibit transitions into polar phases below
363 and 309 K, respectively.”””” Ferroelectricity in
[NH,NH,][Co(HCOO),] was reported in ref 28, while
ferroelectric ordering in [CH;NH,NH,][Mn(HCOO);] was
suggested from pyroelectric measurements.”” Furthermore, we
can find multiferroics with desired features of AFM in
[(CH;),NH,]M(HCOO); (M = Mn, Fe, Co, Ni) and
NH,M(HCOO); (M = Mn, Co) family.”® Among them, one
promising candidate for coupling between multiple degrees of
freedom to spin splitting is [NH,NH;]Co(HCOO);. It
exhibits a high-temperature Pnma phase and undergoes a
phase transition to the polar Pna2, phase at 363 K. As a
result, it is predicted to be ferroelectric at room temperature
with a remnant polarization of 2.6 uC/ cm?>® The structural
phase transition in this compound is driven by the hydrogen
bond stabilization.”® [NH,NH;]Co(HCOO), also exhibits
competing, possibly antipolar, P2,2,2, phases, which show
spin-canted AFM long-range ordering, with Néel temperatures
of 13.9 K.*® Therefore, it may exhibit the desired coupling of
structure and magnetism to spin splitting.

Previously, spin splitting coupled to the direction of
polarization and AFM order parameters, tunable by both
magnetic ordering and polarization direction, has been
predicted in hybrid organic—inorganic perovskite TMCM-
MnCl,.*° Recently, Yananose et al. have examined C(NH,),]-
M(HCOO); (M = Cr, Cu) and predicted the persistent and
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irregular spin texture.”’ Among nonmagnetic hybrid perov-
skites, TMCM-CdCl; and MPSnBr; exhibit persistent spin
texture in the valence band and conduction band, respec-
tively.”””* However, what is presently missing is an under-
standing of the interplay between structural and magnetic
degrees of freedom in the establishment of spin splitting in
hybrid organic—inorganic perovskites.

The goal of this study is to utilize a combination of
computational and experimental tools to (i) predict the
existence of spin splitting in hybrid formate perovskites, which
is strongly coupled to both structural and magnetic degrees of
freedom; (ii) reveal the possibility to create, annihilate, and
manipulate spin splitting through application of electric and
magnetic fields; (iii) rationalize our findings through
decoupling contributions from different degrees of freedom;
and (iv) propose practical ways to achieve spin-splitting
manipulation in such materials.

B EXPERIMENTAL AND COMPUTATIONAL DETAILS

[NH,NH;]Co(HCOO); was synthesized by using the mild solution
method. The solvent diffusion was carried out using Co(No;)2.6H,0
(1.0 mmol, 0.291 g) in 5.0 mL of methanol solution. Later, it was
layered onto 5.0 mL methanol with 95% (78 mmol, 3.2 mL) formic
acid and 98% (6.2 mmol, 0.6 mL) hydrazine monohydrate. The
magenta-colored rectangular crystals were obtained after 24 h, which
were separated from the bulk phase and washed with reagent-grade
ethanol after the mother solvent was removed. The perovskite
structures were confirmed with single-crystal X-ray diffraction
measurements. Magnetic measurements were carried out in a
Quantum Design DynaCool Physical Property Measurement System
(PPMS) using a vibrating sample magnetometer with the magnetic
field aligned parallel to the a—b plane. Magnetization vs applied field,
M(H), was measured at 10 K, with an applied field of 9 T.
Magnetization vs temperature, M(T), was measured between S and
100 K, using the zero-field-cooled warming protocol and under 0.1 T
applied field.

For computations, we used spin-polarized density functional theory
(DFT) as implemented in the Vienna Ab initio Simulation Package
with a Perdew—Burke—Ernzerhof exchange—correlation function-
al.**73° The energy cutoff was set to 700 eV for the plane-wave basis,
and the Brillouin zone integration was carried out using a gamma-
centered k-mesh of 5 X 5 X 3. We used U = 2.0 eV correction for
Co-d states as proposed by Dudarev et al.>” The zero-damping DFT-
D3 approach, proposed by Grimme et al, was employed to
incorporate the van der Waals interactions.*® Structural relaxations
were performed using a conjugate gradient algorithm until the forces
on each atom were less than 1 meV/A while stresses were less than
0.001 GPa. The electronic structure calculations were performed with
SOC both on and off. The electric polarization was computed using
the modern theory of polarization developed by King-Smith and
Vanderbilt.*

https://doi.org/10.1021/jacs.3c14744
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Figure 2. Crystal structure of [NH,NH;]Co(HCOO)j; in Pna2, and Pnma phases in different cross sections (a,b). Magnetic moment arrangements

in G-AFM ordering and corresponding magnetic space group (c).

B RESULTS AND DISCUSSION

Although AFM ordering has been reported for [NH,NH,]-
Co(HCOO); in the P2,2,2, phase,”® no reports are available
for the polar Pna2, phase. Our magnetic data analysis for the
Pna2, phase is given in Figure 1, which suggests canted AFM
ordering below 15.5 K. Figure la shows the temperature
dependence of magnetization along with its derivative, dM/dT,
revealing a magnetic-phase transition at 15.5 K. Inverse
susceptibility ' was calculated from this data H/M(T) and
fit with the Curie—Weiss law, y = C/(T — 0) (Figure 1b),
where a Curie—Weiss temperature of 8 = —14.49 K was
obtained. It is clear that at high temperatures in the
paramagnetic regime, the y '(T) data obeys the Curie—
Weiss law. The negative value of @ confirms AFM couplings
between adjacent Co®* ions and that the phase transition at Ty
~ 15.5 K is AFM in nature. We note that formates typically
have low magnetic transition temperatures, as it is believed that
formate linkers can only mediate weak magnetic interactions.”
From the Curie constant obtained through the fit (C = 1.707
cm® K mol™), an effective magnetic moment of pg ~ 3.296
up/Co is obtained, using the relation C = Nyugulg/3kg. It is
also worth noting from Figure 1b that there is a sudden decline
in ' at ~15 K, signaling the characteristic of a spin-canted
AFM system.””~** To confirm the occurrence of spin canting
in [NH,NH,;]Co(HCOO),, the magnetic field dependence of
magnetization M(H) was measured at temperatures below the
Tx. Figure lc displays such a M(H) loop taken at 10 K,
confirming that there is a small canted AFM moment at low
fields of ~0.4 emu/g, with a coercive field of 0.25 T. When the
applied magnetic field exceeds Hgg ~ 6.5 T, there is an increase
in the magnetization characteristic of a spin-flop transition
(Figure 1c).** This provides further evidence for the spin-
canted AFM order in [NH,NH,]Co(HCOO),.*® The spin-
canted AFM behavior was also observed in Cu;(TeO,)(SO,)-
H,0" and {Co(N;)(bpmb)(H,0),-H,0},.*" Thus, low-
temperature [NH,NH;]Co(HCOO), in the Pna2, phase is
multiferroic as it exhibits the coexistence of electric
(spontaneous polarization) and magnetic orderings. As a
result, it could potentially exhibit spin splitting due to AFM
ordering and noncentrosymmetric nature.

To determine whether these two orderings are indeed
capable of inducing spin splitting in this material, we turn to
simulations. To decouple the contributions from magnetic and
electric orderings, both centrosymmetric and noncentrosym-
metric structures are required. To obtain the noncentrosym-
metric phase, we carried out the structural relaxation of the
Pna2, phase reported in ref 28. The structure is visualized in
Figure 2a. The ground state was shown to be G-type AFM in
ref 28. Therefore, we use G-type AFM arrangements of
magnetic moments on Co atoms but simulate three different
orientations of the magnetic moments: along the x, y, and z
directions, as shown in Figure 2c. Note that the axes of our
Cartesian coordinate system are aligned along the crystallo-
graphic g, b, and ¢ axis. It should be noted that we do not find
canted magnetic moment in computations, which could be due
to both our computational resolution and the size of the
supercell. The centrosymmetric structure for [NH,NH;]Co-
(HCOO), is Pnma, which is also a high-temperature phase
reported in ref 28. However, it is a disordered phase with
partial occupancies and, therefore, cannot be used in
simulations. To construct a prototype of such a phase that
does not have partial occupancy but still has experimental
relevance, we create a polarization reversal path for the Pna2,
phase following ref 43. The structure that corresponds to zero
polarization is the centrosymmetric Pnma phase. This structure
is next subjected to full structural relaxation, which preserves
the space group. The structure is visualized in Figure 2b.
Experimentally, such a phase could occur during polarization
reversal at fields close to the coercive field. At zero Kelvin, the
Pnma structure is 280 meV/fu. higher in energy than the
ground state. The structural relaxation has been carried out for
different types of magnetic orderings: ferromagnetic, A-type,
C-type, and G-type AFM orderings, and it was found that the
G-type AFM ordering is the lowest in energy. Furthermore, we
considered G-type AFM orderings with different directions of
magnetic moments, resulting in the alignment of the AFM
vector along %, y, or z directions, as shown in Figure 2c. We
found that AFM-G,, (Pnma) has the lowest energy followed by
AFM-G, (Pn'ma’) and AFM-G, (Pn'm’a), with 0.002 and 0.02
meV/fu. higher energy, respectively. The structures are
provided in ref 44.

https://doi.org/10.1021/jacs.3c14744
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Figure 3. Band structure of [NH,NH;]Co(HCOO)j; in the Pnma phase without (a) and with (b—d) SOC.
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Figure 4. Spin splitting between the top two VBs (a,c) and bottom two CBs (b,d) along the high-symmetry k-path in different phases of

[NH,NH,]Co(HCOO)s.

The magnetic space groups Pn'm’a, Pn'ma’, and Pnma do
not possess OI symmetry and, therefore, may exhibit SOC-
induced spin splitting.'” Here, ® and I are time-reversal and
spatial inversion symmetries. Moreover, these magnetic space
groups belong to types III, III, and I, respectively, which allow
for AFM-induced spin splitting, as proposed in ref 12.
Following the classification of ref 15, they belong to spin
split type-4A and allow for spin splitting with or without SOC,
based on the symmetry considerations. To explore that, we
carried out DFT computations of electronic structure with
SOC turned off and on. Of course, when SOC is turned off, we
use spin-polarized computations. Figure 3 presents our data for
both cases. We find no spin splitting in the absence of an SOC
along the chosen directions. The partial density of states shown
in the inset of Figure 3a infers that bands near the Fermi level
are from Co-d states. In addition, the O-p states are populated
at the valence-band region. Among the Co-d states, d,, and d?
have double occupancy, and hence, they peak in the valence-
band spectrum. The remaining d orbitals have a single
occupancy, thus offering a magnetic moment of 2.68 uy at
each Co site.

Turning SOC on results in spin splitting (Figure 3b—d),
which shows a strong dependence on the direction of the AFM
order parameter. To quantify such dependence, we compute
spin splitting along the different directions of the Brillouin
zone and present it in Figure 4.

Figure 4 confirms spin-splitting dependence on the direction
of the AFM order parameter throughout the Brillouin zone.
For example, the spin splitting along Y-I'-Z direction in CB can

be turned on or off by switching the AFM vector between the y
or the z direction. Similar trends are observed in VB.
Experimentally, the change of the AFM vector direction can
be achieved through the spin-flop mechanism, which opens the
possibility to create/erase or tune spin splitting by the
application of a magnetic field. For instance, the field at
which the spin-flop transition occurs is 6.5 T for a T of 10 K
(Figure 1c). We note that the magnitude of spin splitting also
shows a strong dependence on the direction of the AFM
vector. Thus, our simulations on the centrosymmetric-phase
prototype for AFM [NH,NH;]Co(HCOO); revealed (i) the
presence of SOC-induced spin splitting up to 4 meV in both
CB and VB and (ii) strong dependence of spin-splitting
magnitude on the direction of the AFM vector, which allows
for both creation and erasing of spin splitting, as well as its
manipulations by the magnetic field. Next, we turn to an
investigation of the role that spatial asymmetry plays in spin
splitting and the aforementioned findings. Removal of the
mirror plane perpendicular to the c-axis results in the ground-
state structure of [NH,NH,;]Co(HCOO), with the Pna2,
space group. Introducing G-type AFM ordering with different
directions of the G vector followed by full structural relaxation
resulted in the structures with magnetic space groups Pna2;,
Pn'a’2), and Pn’a2,’ for AFM-G,, AFM-G, and AFM-G,
respectively. Energetically, AFM-G, has the lowest energy,
followed by AFM-G, (0.18 meV/fu.) and AFM-G, (0.47
meV/fu.). All these structures belong to the spin splitting
type-4B as per classification of ref 15, and by symmetry, allow

https://doi.org/10.1021/jacs.3c14744
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splitting for centrosymmetric and polar phases (g—i).

for spin splitting with and without SOC. Figure S presents the
electronic structure calculations for both of these cases.
Again, we find that AFM on its own is not capable of
inducing spin splitting in this material along the chosen
directions in the Brillouin zone. However, the introduction of
SOC results in such spin splitting for all directions of the AFM
vector considered here. Moreover, just like before, we find that
both magnitudes of spin splitting in its location in the Brillouin
zone exhibit strong dependence on the direction of the AFM
vector. This is quantified in Figure 4. The magnitude of spin
splitting is up to 7 meV in CB and up to 4 meV in VB, which
offers enhancement with respect to centrosymmetric phases.
We find a direct band gap of 2.1 eV, which is likely to
underestimate the true band gap, as known for DFT.
Remarkably, the bands are spin-split at VBM and CBM
(located at the I' point) despite being in the time-reversal
invariant momenta point. This is the consequence of the AFM
ordering, discussed in refs 12 and 15. It is also a rare but
technologically significant property. Comparison between our
data for centrosymmetric and noncentrosymmetric phases with
different magnetic order parameter directions (see Figure 4)
reveals that [NH,NH,]Co(HCOO), exhibits strong coupling
between multiple degrees of freedom: structural, magnetic, and
spin splitting. For example, in the I" point of VB, spin splitting
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is zero for AFM-G,. It can be turned on by aligning the AFM
vector along the y-axis, via a spin-flop mechanism induced by a
magnetic field. Inducing the centrosymmetric phase through
an electric field (during polarization reversal, for example) or
temperature manipulations will result in near disappearance of
spin splitting. Likewise, the noncentrosymmetric polar phase
can be induced by the application of an electric field, which will
change spin splitting from the ones shown in Figure 4a,b to the
ones shown in Figure 4¢,d. Figure 4 also reveals greater overlap
in the spin-splitting peaks between space groups containing
time-reversed symmetry elements as compared to those that
do not, suggesting strong contributions to spin splitting from
AFM.

To find out whether even larger values of spin splitting can
be achieved in the vicinity of the VBM and CBM as well as to
assess anisotropy of the spin splitting, we explore several
directions in the vicinity of the CBM and VBM. Figure 6 gives
spin splitting along the directions investigated. The largest
value can reach 14 meV in VB and occurs between I" and T. It
is comparable with the 27 meV reported for the TMCM-
MnCl, hybrid perovskite.”® To estimate the contribution to
spin splitting from antiferromagnetism, we overlap the data for
centrosymmetric and noncentrosymmetric structures in Figure
6g—i. For this analysis, the path in the Brillouin zone
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Figure 7. Spin textures around the CBM (a—c) and VBM (d—f) in various k-planes for the polar phases of [NH,NH,]Co(HCOO),.

associated with the largest spin splitting is chosen. From this
comparison, we conclude that AFM makes a significant
contribution to spin splitting in all cases. Further analysis can
be carried out to decouple structural contribution to spin
splitting into contributions from the [NH,NH;]™' molecule
and the Co(HCOO); framework. To compute the contribu-
tion due to the molecule, we keep the framework in its Pnma
structure, while molecules are in their Pna2, configuration. To
compute contributions due to the framework, we keep
molecules in their Pnma positions while the framework is in
the Pna2, structure.” " The decomposition is shown in
Figure 6g. We can see that the largest contribution to the spin
splitting comes from the framework. For a tentative
explanation of such a finding, we decompose the polarization
of the Pna2, phase into contributions from the molecule and
the framework. The framework contributes 73% to the total
polarization, while the molecule contributes 27%. Therefore, it
may be that structural distortions of the framework make the
largest contribution to the local electric field and are
responsible for the spin—orbit interaction and associated spin
splitting.

Figure 7 shows spin textures in the CB and VB for Pna2,-
type structures. We find that the type of spin texture is fully
coupled to the direction of the AFM vector. Interestingly, for
the Pna2, structure with AFM-G, orientation, the spin textures
are mostly persistent in a large portion of the Brillouin zone,
which is highly desirable for the application of spintronics.
Switching the direction of the AFM order parameter changes
the type of spin textures and, therefore, will cause relaxation.

In order to find out whether the discussed findings are
specific to [NH,NH;]Co(HCOO); or likely to occur in other
materials from the same family, we have repeated calculations
for [NH,NH;]Mn(HCOO);. This material exhibits a canted
AFM phase below 7.9 K and undergoes a polar (Pna2,) to
nonpolar (Pnma) phase transition at 355 K,*° similar to the
case of [NH,NH,;]Co(HCOO),. All computational ap-
proaches remained the same except that we used Ug = 4.0
eV for Mn. The structures are provided in ref 44. The
simulated electronic structure for Pnma and Pna2, phases are
shown in Figures S1 and S2 of the Supporting Information for
x, ¥, and z orientation of the AFM order parameter. In both
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cases, we observed spin splitting in the conduction and valence
bands. The magnitude of the spin splitting is 4 meV, near I for
VB for both phases. The magnitude of the spin splitting varies
with the magnetic moment directions. The dependence of spin
splitting in VB and CB on the direction of the AFM vector of
both phases is shown in Figure S3. The spin texture around the
VBM for [NH,NH;]Mn(HCOO); is persistent in nature (see
Figure S4 of the Supporting Information). Thus, [NH,NH,]-
Mn(HCOO); also exhibits the main features established for
[NH,NH;]Co(HCOO);. These include strong coupling
between structural, magnetic, and spin degrees of freedom;
the presence of spin splitting even in the centrosymmetric
phase of the material; and persistent spin textures.

B SUMMARY

In summary, we have synthesized [NH,NH;]Co(HCOO); in
the polar Pna2, space group and found it to be a canted
antiferromagnet below 15.5 K. DFT computations were then
utilized to predict spin splitting in this compound. Interest-
ingly, SOC-induced spin splitting exists already in the
prototype of the centrosymmetric phase of the material and
even in the time-reversal invariant momenta points of the
Brillouin zone. These findings originate from AFM ordering.
The spin splitting couples strongly to the direction of the AFM
vector and can be turned on or off through AFM vector
reorientation, which opens a way to spin-splitting tunability by
the application of a magnetic field, for example, via a spin-flop
mechanism. Phase transition from the centrosymmetric to the
polar phase of the material results in a dramatic change in the
spin-splitting landscape in the Brillouin zone, thus offering
additional tunability by the electric field or temperature. For
example, a macroscopically centrosymmetric phase can be
achieved at low temperatures during an electric-field-induced
polarization reversal. Just as in the prototypical centrosym-
metric phase of the material, the polar phase exhibits a strong
dependence of the spin splitting on the direction of the AFM
vector. Thus, our work reveals that the low-temperature polar
phase of [NH,NH,;]Co(HCOO); (and [NH,NH,]Mn-
(HCOO);) is magnetically ordered and exhibits strong
coupling between the structure, magnetic ordering, spin
splitting, and spin textures. These findings enrich our
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fundamental understanding of property manipulation and
materials functionality and are likely to stimulate further
research. From a practical viewpoint, both structure and
magnetic ordering can be manipulated by external fields, which
offers promising novel applications in spintronics.
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