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ABSTRACT: We report the magnetic behavior of the hybrid perovskites [Gua]Mn,_,Fe,,[1,,;(HCOO); (0 < x < 0.88),
showing that vacancy ordering drives bulk ferrimagnetism for x > 0.6. The behavior is rationalized in terms of a simple microscopic
model of percolation-induced ferrimagnetism. Monte Carlo simulations driven by this model reproduce the experimental
dependence of magnetic susceptibility on x and show that, at intermediate compositions, domains of short-range vacancy order lead
to the emergence of local magnetization. Our results open up a new avenue for the design of multiferroic hybrid perovskites.

M olecular perovskites are a family of framework materials
with an ABX; stoichiometry and a simple cubic network
structure. They can incorporate molecular (A) and transition-
metal (B) cations as well as molecular anions (X), thereby
allowing for the design of materials which combine the
properties of their constituent parts.' > The formate perov-
skites (X = HCOO™) hold particular currency as candidate
multiferroic materials which simultaneously host magnetic and
electric polarization®™® for applications in sensors and
information storage devices.”” Effective design of multiferroics
in conventional inorganic perovskites is difficult because of the
incompatible electronic structure design criteria for polar-
ization (closed-shell species) and magnetism (open-shell
species).” In the hybrid perovskites, the combination of
molecular and orbital degrees of freedom gives a large number
of strategies for inducing ferroelectricity.'”~"> Less clear,
however, is how to generate hybrid perovskites with strong
bulk magnetic polarization: nearly all hybrid perovskites are
canted antiferromagnets with only weak moments that result
from antisymmetric interactions.'”'®'” An obvious challenge,
therefore, is to devise new routes to enhance bulk magnet-
ization in hybrid perovskites.

It was in this context that we developed an interest in the
strategy of percolation-induced ferrimagnetism (PIF), whereby
occupational ordering of a nonmagnetic dopant in an
antiferromagnet leads to an imbalance between sublattice
magnetizations, and hence ferrimagnetism (Figure la)."® This
is the mechanism at play in, e.g., the series Fe, ,Zn F,, which
shows a crossover from antiferromagnetism to ferrimagnetism

~

as x is increased above a critical percolation threshold (x,
0.86 in this case).'® % It is also related to the mechanism that
drives relaxor ferromagnetism in La;Ni,SbO,.”" In order for
solid solutions to host PIF, the nonmagnetic and antiferro-
magnetic magnetic constituents cannot be statistically
distributed on the cation sublattice but must instead obey
local ordering rules that drive partitioning above some critical
concentration, the value of which is characteristic of the
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sublattice geometry. The difference in Fe?*/Zn?" ionic radii
provides such a cation ordering mechanism in Fe,_,Zn,F,."

The solid solution [Gua]Mn,_,Fe,,/;[],/;(HCOO); (Gua =
C(NH,),") is an interesting family in this respect because of
the emergence of vacancy order at sufficiently large values of x.
In this system, the B site of the perovskite structure is jointly
occupied by Mn**, Fe**, and vacancies ([]).”* The two cations
share the same electronic configuration and are therefore
similar magnetically (u5g™ = 40U ~ 591 411); the vacancies
play the role of nonmagnetic dopants. It is thought that the
strong hydrogen-bonding interactions between guanidinium
cations and formate anions are particularly important in
stabilizing vacancies in this system.”” Anticlustering of
vacancies leads to checkerboard vacancy order beyond a
percolation threshold x > x, =~ 0.6, as evidenced by the
emergence of sharp superlattice reflections and accompanying
symmetry lowering (Figure 1b,c); the crystallographic details
of this transition are discussed in ref 22. The vacancy-ordered
phase is conceptually related to the double perovskite
structure, in which the B-site occupancy alternates on two
face-centered cubic sublattices. Here, this B-site occupancy
alternates between vacancy-rich (magnetically poor) and
vacancy-poor (magnetically rich) sites, and so this imbalance
of magnetic and nonmagnetic species suggests that [Gua]-
Mn,_,Fe,, s[1,/3(HCOO); may in principle satisfy the design
criteria for PIF.

To test for the effect of vacancy order on magnetic order in
this family, we carried out magnetometry measurements for the
nine compositions investigated in ref 22. The vacancy-free (x =
0) end member behaves as a typical antiferromagnet, as
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Figure 1. (a) Schematic of the PIF mechanism in dilute
antiferromagnets. If nonmagnetic dopants (e.g, vacancies, shown as
open circles) are forbidden from occupying neighboring sites, then at
doping levels x > x, they are distributed preferentially on a single
sublattice (here, colored gray). The resulting imbalance in sublattice
magnetization gives rise to a net ferrimagnetic moment. (b)
Representation of the vacancy ordered structure of [Gua]-
Mn,_,Fe,, 00, /;(HCOO),, with cation-rich and cation-poor B sites
colored green and white, respectively. (c) A film plot of X-ray powder
diffraction patterns (4 = 0.8248300(1) A) showing the symmetry
breaking associated with vacancy order at x > x,: the 011/011
reflection pair split and the 110 reflection, ordinarily forbidden,
appears. Data taken from ref 22.

indicated by a negative Curie—Weiss temperature (Ocy =
—12.2(5) K, see SI). The zero-field-cooled (ZFC) magnetic
susceptibility shows a maximum at T. = 8.80(5) K, below
which it diverges from the field-cooled (FC) susceptibility
(Figure 2a); this behavior is characteristic of the development
of long-range antiferromagnetic order. We also observe a small
canted moment within the ordered phase (8(3) emu mol™ at
2 K) evident in the isothermal magnetization measurement.
Collectively, these various observations are typical of the
canted antiferromagnetism of other Mn?*-containing formate
perovskites studied elsewhere.””~*> As the vacancy fraction
increases across the series, the corresponding trends in
magnetic susceptibility change. The maximum in ZFC
susceptibility at T, shifts to higher temperature and gradually
disappears as the low-temperature susceptibility starts to
diverge (Figure 2a). In all cases, antiferromagnetic interactions
dominate: the Curie—Weiss temperature remains negative, and
its magnitude increases slightly as Mn?' is replaced by Fe®"
(see SI). Yet a hysteresis loop opens in the magnetization
curves at high vacancy concentrations, with a maximum
residual moment of 113(5) emu mol™" for the x = 0.88 sample
(Figure 2b). All of these observations are consistent with a
transition from canted antiferromagnetism to ferrimagnetism
as vacancy order develops.

In order to better understand the trends in our magneto-
metry data, we used Monte Carlo (MC) simulations
performed in two stages. The first stage involved determining,
for each composition x, an appropriate vacancy distribution;
we achieved this using the same nearest-neighbor vacancy-
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Figure 2. (a) Field-cooled (dashed colored lines) and zero-field-
cooled (solid colored lines) magnetic susceptibility (H = 100 Oe) as a
function of temperature for nine members of the series [Gua]-
Mn,_,Fe,,/;(HCOO),;. To aid comparison, each data set is
normalized to its value at 15 K, and data for successive compositions
are offset by one unit. Magnetic ordering temperatures are indicated
by red arrows. (b) Magnetization curves at 2 K shown for three
representative compositions. The inset highlights the opening of a
hysteresis loop at high vacancy fractions. (c) Calculation of the low
temperature limit of the magnetization for each member of the series
(0 < x £ 0.88) studied (black) from the MC model described in the
text, compared with the long-range vacancy order parameter
determined in our MC simulations (open red circles) and taken
from ref 22 (filled red circles). The PIF regime is shaded gray. (d)
Magnetic susceptibilities for three key compositions as generated from
the MC procedure described in the text. Successive data sets are offset
by 0.5 units for clarity.

avoidance model developed in ref 22. These configurations
were then used for a subsequent spin-MC simulation, where
the nonvacant sites were decorated with Heisenberg spins S;
and the MC energy was given by

Eyc =J () Z Si-S;
(i) )

Here, the sum is taken over pairs of neighboring magnetic
(nonvacant) sites, and we are approximating magnetic
interactions using the very simplest isotropic Heisenberg
model. The coupling constant J(x) was parametrized to
reproduce the experimental dependence of the magnetic
transition temperature on x, varying linearly from 6 to 9 K
as x increases (see SI for further discussion).

Key results from these MC simulations are shown in Figure
2. Vacancy order develops as expected for x > x, ~ 0.6, and
crucially this ordering couples to an abrupt increase in the low
temperature magnetization My, signifying the onset of PIF
(Figure 2c). The value of My was estimated via simulated
annealing to a low temperature (Tyc = 0.2 J; see SI for further
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details). The fluctuations in our MC simulations also allowed
us to calculate the magnetic susceptibility, as shown in Figure
2d. We find excellent qualitative agreement in reproducing the
key trends identified in our earlier discussion, including the
evolution from antiferromagnetism to ferrimagnetism asso-
ciated with PIF. A comparison for each member of the series is
included in the SL

While we only expect global PIF at values of x > x,, both the
model and experiment show some enhancement of the low-
temperature susceptibility at vacancy concentrations below the
percolation threshold, where any vacancy order present is only
short-range in nature. We explored this regime in greater detail
by extending our MC simulations to larger supercells of
sufficient size to include multiple domains of local vacancy
order. The low-temperature magnetic structures resulting from
these simulations are shown in Figure 3a for three

spin configuration

(@)

local vacancy order

(b)

local magnetisation

(©)

Figure 3. (a) Direct examination of domain structure in MC
configurations, showing one plane of a 20 X 20 X 20 simulation at
three vacancy concentrations, spanning the percolation limit. The (b)
local vacancy and (c) local magnetic order parameters show the
domain structure that develops in the simulations. Note the
correlation between the regions of vacancy and magnetic order.

compositions spanning the percolation threshold. The spin
configurations themselves are relatively simple in that, locally,
neighboring spins point in approximately opposite directions.
The more complex interplay with vacancy distributions can be
seen by visualizing local vacancy order and magnetization
(Figure 3b,c), each calculated using the approach of ref 26, as
detailed in the SI. At high vacancy fractions (x = 0.9), vacancy
order percolates but antiphase domains persist—these are
regions in which the choice of vacancy-rich/magnetically poor
fcc sublattice differs from that of the bulk. This switch in
vacancy-order phase translates to a switch in direction of the
corresponding magnetization, such that the presence of these
domains would affect the magnitude of the ordered moment.
Recent developments in high-resolution magnetic imaging
methods, such as magnetic force microscopy (MFM) or X-ray
microscopy, might even allow for the direct imaging of this
domain structure.”’ ">’ At vacancy fractions close to the
percolation limit (x = 0.6), there are strong fluctuations in
vacancy order that correlate with domains in the local

magnetization. And at low vacancy fractions (x = 0.3), these
regions of local magnetization are still present, albeit that they
are smaller and magnetically weaker. Given the experimental
observation of hysteresis loop opening in the x = 0.41 sample
(Figure 2b), we suggest that the existence of local vacancy
order might lead to an imbalance between magnetization
within small magnetic domains for x < x,. This interpretation
could help explain why the transition from antiferromagnet to
ferrimagnet is more gradual in practice than the PIF picture
might suggest at face value.

The closely related series [CH;NH;]Mn,Zn,_,(HCOO),,
whose structure and magnetism were investigated in ref 30,
provides a useful comparison for our analysis. In that family,
magnetic dilution tunes the nature of the magnetic order but
does not give rise to PIF because there is no long-range order
of the Mn®* and Zn*" ions. Intriguingly, the mixed-metal
formates [Gua]CuM,_,(HCOO); (M = Mn, Zn, Mg) all
appear to show short-range cation order, but the tendency in
those systems is for like cations to cluster.”’ Such ordering is
also incompatible with PIF.

It follows that a key ingredient for realizing PIF in formate
perovskites is the checkerboard vacancy order, which we drive
by aliovalent doping in the case of [Gua]-
Mn,_,Fe,,,s(HCOO),. In this system, both cations had the
same electron configuration, and there was no evidence of
long-range order of the cations. However, neither condition is
essential for the physics. Thinking forward to combining the
emergence of bulk magnetization with electric polarization in
related systems, one strategy will be to exploit the combination
of cooperative A-site orientational order and B-site Jahn—
Teller order in breaking inversion symmetry.'”'*** An obvious
family worthy of exploration, if its members can be prepared, is
[Gua]Cu,_,Fe,,/;(HCOO);: one end member (x = 0) is
polar,'”**** and we now know the other (x = 1) to be a
ferrimagnet. What happens in between? While in principle
there are a number of other formate perovskite families that
exhibit polar phases, we anticipate that the use of guanidinium
as an A-site cation may be key for PIF because its strong
hydrogen bonding is implicated in stabilizing B-site vacan-
cies.”™

One important consideration in developing new PIF formate
perovskites—relevant in particular to Cu’*-containing sys-
tems—will be whether the simple isotropic Heisenberg model
we have used here remains a useful approximation. Even in the
case of [Gua]Mn,_,Fe,, ;;(HCOO)s,, there are signs that more
complex physics is required to capture the full magnetic
behavior: a spin-flop transition reflects the presence of
magnetic anisotropy, and a small residual magnetic moment
in the measured isothermal magnetization curves indicates
antisymmetric interactions are also involved (see SI for further
discussion). Fortunately, we find that neither greatly affects the
PIF mechanism at play. But the strongly directional nature of
magnetic interactions in Cu’* systems, itself a consequence of
uneven occupancy of e orbitals in d’ configurations, will likely
complicate matters considerably—even if one ignores the
(likely) possibility of interplay between vacancy distributions
and orbital order. Such cases may lead to stoichiometry-
dependent anisotropy of the kind seen in [Zn,_,Ni (HF,)-
(pyz),]SbFg, for example.”> Whatever emerges, our key result
here is to have shown how simple chemical modification of a
hybrid perovskite can have a profound effect on its magnetic
behavior and hence open new avenues for functional materials
design that may also be relevant to other inorganic and hybrid
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perovskite families (such as the Prussian blue analogues)
supporting correlated vacancy order.*

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.4c03407.

Details regarding synthesis, magnetometry, Monte Carlo
simulations, and parametrization of J(x) in eq I;
extended version of Figure 2, showing additional values
of x (PDF)

B AUTHOR INFORMATION

Corresponding Author
Andrew L. Goodwin — Department of Chemistry, University
of Oxford, Oxford OX1 3QR, United Kingdom;
Email: andrew.goodwin@chem.ox.ac.uk

Authors

Johnathan M. Bulled — Department of Chemistry, University

of Oxford, Oxford OX1 3QR, United Kingdom;
orcid.org/0000-0001-5017-0313

Alexandra Willis — Department of Chemistry, University of
Oxford, Oxford OX1 3QR, United Kingdom; © orcid.org/
0009-0006-7481-7381

Zoé Faure Beaulieu — Department of Chemistry, University of
Oxford, Oxford OX1 3QR, United Kingdom

Simon J. Cassidy — Department of Chemistry, University of
Oxford, Oxford OX1 3QR, United Kingdom; ® orcid.org/
0000-0002-4297-1425

Jonas Bruckmoser — Department of Chemistry, Technical
University of Munich, 85748 Garching, Germany

Hanna L. B. Bostrom — Department of Chemistry, University
of Oxford, Oxford OX1 3QR, United Kingdom; Wallenberg
Initiative Materials Science for Sustainability, Department of
Materials and Environmental Chemistry and Department of
Materials and Environmental Chemistry, Stockholm
University, SE-114 18 Stockholm, Sweden; ® orcid.org/
0000-0002-8804-298X

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.4c03407

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We gratefully acknowledge financial support from the E.R.C.
(Grant 788144) and the Leverhulme Trust (Grant RPG-2018-
268).

B REFERENCES

(1) Cheetham, A. K;; Rao, C. N. R. There’s Room in the Middle.
Science 2007, 318, 58—59.

(2) Li, W.; Wang, Z.; Deschler, F.; Gao, S.; Friend, R. H.; Cheetham,
A. K. Chemically diverse and multifunctional hybrid organic-inorganic
perovskites. Nat. Rev. Mater. 2017, 2, 16099.

(3) Kieslich, G.; Goodwin, A. L. The same and not the same:
molecular perovskites and their solid-state analogues. Mater. Horiz.
2017, 4, 362—366.

(4) Jain, P.; Ramachandran, V.; Clark, R. J.; Zhou, H. D.; Toby, H.
B.; Dalal, N. S.; Kroto, H. W.; Cheetham, A. K. Multiferroic Behavior
Associated with an Order-Disorder Hydrogen Bonding Transition in

Metal-Organic Frameworks (MOFs) with the Perovskite ABX;
Architecture. J. Am. Chem. Soc. 2009, 131, 13625—13627.

(5) Sanchez-Anddjar, M.; Gémez-Aguirre, L. C.; Pato Dold4n, B.;
Yanez-Vilar, S.; Artiaga, R.; Llamas-Saiz, A. L.; Manna, R. S.; Schnelle,
F.; Lang, M; Ritter, F.; Haghighirad, A. A.; Sefaris-Rodriguez, M. A.
First-order structural transition in the multiferroic perovskite-like
formate [(CH;),NH,][Mn(HCOO),]. CrystEngComm 2014, 16,
3558—3566.

(6) Fu, D.-W.; Zhang, W.; Cai, H.-L.; Zhang, Y.; Ge, J.-Z.; Xiong, R.-
G.; Huang, S. D,; Nakamura, T. A Multiferroic Perdeutero Metal-
Organic Framework. Angew. Chem., Int. Ed. 2011, 50, 11947—11951.

(7) Chu, Y.-H.; Martin, L. W.; Holcomb, M. B.; Gajek, M.; Han, S.-
J.; He, Q; Balke, N,; Yang, C.-H.; Lee, D.; Hu, W.; Zhan, Q.; Yang,
P.-L.; Fraile-Rodriguez, A.; Scholl, A;; Wang, S. X; Ramesh, R.
Electric-field control of local ferromagnetism using a magnetoelectric
multiferroic. Nat. Mater. 2008, 7, 478—482.

(8) Scott, J. F. Multiferroic memories. Nat. Mater. 2007, 6, 256—275.

(9) Hill, N. A. Why Are There so Few Magnetic Ferroelectrics? J.
Phys. Chem. B 2000, 104, 6694—6709.

(10) Stroppa, A.; Jain, P.; Barone, P.; Marsman, M.; Perez-Mato, J.
M.; Cheetham, A. K,; Kroto, H. W,; Picozzi, S. Electric Control of
Magnetization and Interplay between Orbital Ordering and
Ferroelectricity in a Multiferroic Metal—Organic Framework. Angew.
Chem., Int. Ed. 2011, 50, 5847—5850.

(11) Gémez-Aguirre, L. C.; Pato-Doldan, B.; Stroppa, A.; Yanez-
Vilar, S.; Bayarjargal, L.; Winkler, B.,; Castro-Garcia, S.; Mira, J;
Sénchez-Andtjar, M.; Sefaris-Rodriguez, M. A. Room-Temperature
Polar Order in [NH,][Cd(HCOO),] - A Hybrid Inorganic—Organic
Compound with a Unique Perovskite Architecture. Inorg. Chem. 20185,
54, 2109-2116.

(12) Bostrém, H. L. B.; Senn, M. S.; Goodwin, A. L. Recipes for
improper ferroelectricity in molecular perovskites. Nat. Commun.
2018, 9, 2380.

(13) Ye, H.-Y; Tang, Y.-Y,; Li, P.-F.; Liao, W.-Q.; Gao, J.-X.; Hua,
X.-N,; Cai, H; Shi, P.-P.; You, Y.-M,; Xiong, R.-G. Metal-free three-
dimensional perovskite ferroelectrics. Science 2018, 361, 151—15S.

(14) Allen, D. J. W.; Bristowe, N. C.; Goodwin, A. L.; Yeung, H. H.-
M. Mechanisms for collective inversion-symmetry breaking in
dabconium perovskite ferroelectrics. J. Mater. Chem. C 2021, 9,
2706—2711.

(15) Gale, S. D.; Lloyd, H. J.; Male, L.; Warren, M. R;; Saunders, L.
K.; Anderson, P. A.; Yeung, H. H.-M. Materials discovery and design
limits in MDABCO perovskites. CrystEngComm 2022, 24, 7272—
7276.

(16) Stroppa, A.; Barone, P.; Jain, P.; Perez-Mato, J. M.; Picozzi, S.
Hybrid Improper Ferroelectricity in a Multiferroic and Magneto-
electric Metal-Organic Framework. Adv. Mater. 2013, 25, 2284—2290.

(17) Dzyaloshinsky, 1. A thermodynamic theory of “weak”
ferromagnetism of antiferromagnetics. J. Phys. Chem. Solids 1958, 4,
241-25S.

(18) Manaka, H.; Nagata, S.; Watanabe, Y.; Kikunaga, K;
Yamamoto, T.; Terada, N.; Obara, K. Percolated-Induced Ferrimag-
netism. J. Phys.: Conf. Ser. 2009, 145, 012080.

(19) Timonin, P. Ferrimagnetism of dilute Ising antiferromagnets.
Low Temp. Phys. 2014, 40, 36—41.

(20) Djurberg, C.; Mattsson, J.; Nordblad, P. Remanent magnet-
ization in the diluted Ising antiferromagnet Fe,¢Zn, ,F,. J. Appl. Phys.
1994, 75, S541—-5543.

(21) Battle, P. D,; Evers, S. 1; Hunter, E. C; Westwood, M.
La;Ni,SbOy: a relaxor ferromagnet. Inorg. Chem. 2013, 52, 6648—
6653.

(22) Bostrém, H. L. B.; Bruckmoser, J.; Goodwin, A. L. Ordered B-
Site Vacancies in an ABX; Formate Perovskite. J. Am. Chem. Soc.
2019, 141, 17978—17982.

(23) Wang, Z.; Zhang, B; Otsuka, T.; Inoue, K; Kobayashi, H;
Kurmoo, M. Anionic NaCl-type frameworks of [Mn"(HCOO);™],
templated by alkylammonium, exhibit weak ferromagnetism. Dalton
Trans. 2004, 2209—2216.

https://doi.org/10.1021/jacs.4c03407
J. Am. Chem. Soc. 2024, 146, 13714—-13718


https://pubs.acs.org/doi/10.1021/jacs.4c03407?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c03407/suppl_file/ja4c03407_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+L.+Goodwin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:andrew.goodwin@chem.ox.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johnathan+M.+Bulled"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5017-0313
https://orcid.org/0000-0001-5017-0313
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexandra+Willis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0006-7481-7381
https://orcid.org/0009-0006-7481-7381
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zoe%CC%81+Faure+Beaulieu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Simon+J.+Cassidy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4297-1425
https://orcid.org/0000-0002-4297-1425
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonas+Bruckmoser"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hanna+L.+B.+Bostro%CC%88m"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8804-298X
https://orcid.org/0000-0002-8804-298X
https://pubs.acs.org/doi/10.1021/jacs.4c03407?ref=pdf
https://doi.org/10.1126/science.1147231
https://doi.org/10.1038/natrevmats.2016.99
https://doi.org/10.1038/natrevmats.2016.99
https://doi.org/10.1039/C7MH00107J
https://doi.org/10.1039/C7MH00107J
https://doi.org/10.1021/ja904156s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja904156s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja904156s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja904156s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c3ce42411a
https://doi.org/10.1039/c3ce42411a
https://doi.org/10.1002/anie.201103265
https://doi.org/10.1002/anie.201103265
https://doi.org/10.1038/nmat2184
https://doi.org/10.1038/nmat2184
https://doi.org/10.1038/nmat1868
https://doi.org/10.1021/jp000114x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201101405
https://doi.org/10.1002/anie.201101405
https://doi.org/10.1002/anie.201101405
https://doi.org/10.1021/ic502218n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic502218n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic502218n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-018-04764-x
https://doi.org/10.1038/s41467-018-04764-x
https://doi.org/10.1126/science.aas9330
https://doi.org/10.1126/science.aas9330
https://doi.org/10.1039/D1TC00619C
https://doi.org/10.1039/D1TC00619C
https://doi.org/10.1039/D2CE00848C
https://doi.org/10.1039/D2CE00848C
https://doi.org/10.1002/adma.201204738
https://doi.org/10.1002/adma.201204738
https://doi.org/10.1016/0022-3697(58)90076-3
https://doi.org/10.1016/0022-3697(58)90076-3
https://doi.org/10.1088/1742-6596/145/1/012080
https://doi.org/10.1088/1742-6596/145/1/012080
https://doi.org/10.1063/1.4850534
https://doi.org/10.1063/1.355682
https://doi.org/10.1063/1.355682
https://doi.org/10.1021/ic400675r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b09358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b09358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/B404466E
https://doi.org/10.1039/B404466E
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c03407?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Communication

(24) Chen, S; Shang, R; Hu, K-L; Wang, Z.-M, Gao, S.
[NH,NH,;][M(HCOO),] (M = Mn?, Zn*, Co* and Mg*):
structural phase transitions, prominent dielectric anomalies and
negative thermal expansion, and magnetic ordering. Inorg. Chem.
Front. 2014, 1, 83—98.

(25) Maczka, M.; Ciupa, A; Gagor, A,; Sieradzki, A,; Pikul, A;
Macalik, B.; Drozd, M. Perovskite Metal Formate Framework of
[NH,-CH*-NH,][Mn(HCOO),]: Phase Transition, Magnetic, Di-
electric, and Phonon Properties. Inorg. Chem. 2014, 53, 5260—5268.

(26) Paddison, J. A. M.; Gutmann, M. J.; Stewart, J. R,; Tucker, M.
G.; Dove, M. T.; Keen, D. A.; Goodwin, A. L. Magnetic structure of
paramagnetic MnO. Phys. Rev. B 2018, 97, 014429.

(27) Milde, P.; Kéhler, D.; Seidel, J.; Eng, L. M.; Bauer, A.; Chacon,
A.; Kindervater, J; Mihlbauer, S.; Pfleiderer, C.; Buhrandt, S.;
Schiitte, C.; Rosch, A. Unwinding of a Skyrmion Lattice by Magnetic
Monopoles. Science 2013, 340, 1076—1080.

(28) Donnelly, C.; Guizar-Sicairos, M.; Scagnoli, V.; Gliga, S.;
Holler, M.; Raabe, J.; Heyderman, L. J. Three-dimensional magnet-
ization structures revealed with X-ray vector nanotomography. Nature
2017, 547, 328—331.

(29) Rana, A,; Liao, C.-T.; lacocca, E,; Zou, J; Pham, M.; Lu, X,;
Subramanian, E.-E. C; Lo, Y. H.; Ryan, S. A,; Bevis, C. S.; Karl, R. M.;
Glaid, A. J; Rable, J; Mahale, P,; Hirst, J.; Ostler, T.; Liu, W,;
O’Leary, C. M,; Yu, Y.-S.; Bustillo, K;; Ohldag, H.; Shapiro, D. A;;
Yazdi, S.; Mallouk, T. E.; Osher, S. J.; Kapteyn, H. C.; Crespi, V. H,;
Badding, J. V.; Tserkovnyak, Y.; Murnane, M. M.; Miao, J. Three-
dimensional topological magnetic monopoles and their interactions in
a ferromagnetic meta-lattice. Nat. Nanotechnol. 2023, 18, 227—232.

(30) Shang, R; Sun, X; Wang, Z.-M; Gao, S. Zinc-Diluted
Magnetic Metal Formate Perovskites: Synthesis, Structures, and
Magnetism of [CH;NH;][Mn,Zn,_,(HCOO);] (x = 0—1). Chem.—
Asian ]. 2012, 7, 1697—1707.

(31) Donlan, E. A.; Bostrém, H. L. B.; Geddes, H. S.; Reynolds, E.
M.,; Goodwin, A. L. Compositional Nanodomain Formation inHybrid
Formate Perovskites. Chem. Commun. 2017, 53, 11233—11236.

(32) Evans, N. L.; Thygesen, P. M. M.; Bostrém, H. L. B.; Reynolds,
E. M; Collings, I. E; Phillips, A. E;; Goodwin, A. L. Control of
Multipolar and Orbital Order in Perovskite-like [C(NH,),]-
Cu,Cd,_,(HCOO); Metal—Organic Frameworks. J. Am. Chem. Soc.
2016, 138, 9393—9396.

(33) Hu, K.-L.; Kurmoo, M,; Wang, Z.; Gao, S. Metal-Organic
Perovskites: Synthesis, Structures, and Magnetic Properties of
[C(NH,);][M"(HCOO),;] (M = Mn, Fe, Co, Ni, Cu, and Zn;
C(NH,); = Guanidinium). Chem.—Eur. ]. 2009, 15, 12050—12064.

(34) Svane, K. L.; Forse, A. C.; Grey, C. P.; Kieslich, G.; Cheetham,
A. K; Walsh, A.; Butler, K. T. How Strong is the Hydrogen Bond in
Hybrid Perovskites? J. Phys. Chem. Lett. 2017, 8, 6154—6159.

(35) Manson, J. L,; Curley, S. P. M.; Williams, R. C.; Walker, D.;
Goddard, P. A.; Ozarowski, A.; Johnson, R. D.; Vibhakar, A. M.; Villa,
D.Y,; Rhodehouse, M. L.; Birnbaum, S. M.; Singleton, J. Controlling
Magnetic Anisotropy in a Zero-Dimensional § = 1 Magnet Using
Isotropic Cation Substitution. J. Am. Chem. Soc. 2021, 143, 4633—
4638.

(36) Simonov, A.; De Baerdemaeker, T.; Bostrom, H. L. B.; Rios
Goémez, M. L,; Gray, H. J.; Chernyshov, D.; Bosak, A.; Biirgi, H.-B,;
Goodwin, A. L. Hidden diversity of vacancy networks in Prussian blue
analogues. Nature 2020, 578, 256—260.

13718

https://doi.org/10.1021/jacs.4c03407
J. Am. Chem. Soc. 2024, 146, 13714—-13718


https://doi.org/10.1039/C3QI00034F
https://doi.org/10.1039/C3QI00034F
https://doi.org/10.1039/C3QI00034F
https://doi.org/10.1021/ic500479e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic500479e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic500479e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.97.014429
https://doi.org/10.1103/PhysRevB.97.014429
https://doi.org/10.1126/science.1234657
https://doi.org/10.1126/science.1234657
https://doi.org/10.1038/nature23006
https://doi.org/10.1038/nature23006
https://doi.org/10.1038/s41565-022-01311-0
https://doi.org/10.1038/s41565-022-01311-0
https://doi.org/10.1038/s41565-022-01311-0
https://doi.org/10.1002/asia.201200139
https://doi.org/10.1002/asia.201200139
https://doi.org/10.1002/asia.201200139
https://doi.org/10.1039/C7CC06928F
https://doi.org/10.1039/C7CC06928F
https://doi.org/10.1021/jacs.6b05208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b05208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b05208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.200901605
https://doi.org/10.1002/chem.200901605
https://doi.org/10.1002/chem.200901605
https://doi.org/10.1002/chem.200901605
https://doi.org/10.1021/acs.jpclett.7b03106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b03106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c12516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c12516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c12516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-020-1980-y
https://doi.org/10.1038/s41586-020-1980-y
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c03407?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

