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ABSTRACT: Large quantities of high-purity NH4CrF3 have been
synthesized using a wet-chemical method, and its structural
chemistry and magnetic properties are investigated in detail for
the first time. NH4CrF3 is a tetragonal fluoroperovskite that
displays an ordering of the ammonium (NH4

+) groups at room
temperature and C-type orbital ordering. The ammonium groups
order and display distinct signs of hydrogen bonds to nearby
fluoride anions by buckling the Cr−F−Cr angle away from 180°.
The ammonium ordering remains up to 405 K, much higher than
in other ammonium fluoroperovskites, indicating a correlation
between the flexibility of the Jahn−Teller ion, the hydrogen bond
formation, and the ammonium ordering. At 405 K, an order-to-
disorder transition occurs, where the ammonium groups disorder,
corresponding to a transition to higher symmetry. This is accompanied by a contraction of the unit cell from breaking hydrogen
bonds, similar to the phenomenon observed in water ice melting. The compound orders antiferromagnetically with a Neeĺ
temperature of 60 K, an effective paramagnetic moment of 4.3 μB, and a Weiss temperature of −33 K. An A-type antiferromagnetic
structure is identified by neutron diffraction, with an ordered moment of 3.72(2) μB.

■ INTRODUCTION
The cooperative Jahn−Teller effect is attributed to structural
deformations resulting from the interaction between transition
metal ions’ electronic degenerate orbitals and their normal
vibration modes.1 This interaction reduces the symmetry of the
environment surrounding the Jahn−Teller ion, lowering the
total energy. Due to their diverse physical properties and
structural variations, compounds with Jahn−Teller active ions
have gained significant attention in the materials science
community. In such compounds, the electron−phonon
coupling results in octahedral distortions, favoring the
occupation of one of the initially degenerate orbital states.2

Concurrently, the choice of orbital state induces orbital
ordering, which leads to rich physical behavior.

LaMnO3 is an archetypical material with Jahn−Teller active
ions.3 In this compound, Mn3+ has a 3d4 electron
configuration, which gives rise to Jahn−Teller deformations
of the MnO6 octahedra. LaMnO3 is a parent compound whose
derivatives display, e.g., colossal magnetoresistance and
polaron confinement.4,5 Jahn−Teller active cuprates have
also received interest for a long time due to super-
conductivity.6,7

Perovskites, with the chemical formula ABX3, can also
accommodate other Jahn−Teller-active ions like Cr2+ and Cu2+

on the B-site, with the electron configurations of 3d4 and 3d9.
Cr2+ is isoelectronic to Mn3+ but is much less investigated due
to its sensitivity to oxidation and elusive chemistry. However,
Cr2+ can be stabilized in Cr(II) fluoroperovskites, and KCrF3
and NaCrF3 are discussed in detail in the literature.

KCrF3 is a tetragonal Jahn−Teller distorted perovskite with
two structural phase transitions: I112/m to I4/mcm at 250 K
and I4/mcm to Pm3̅m at 973 K.8,9 The monoclinic and
tetragonal phases display Jahn−Teller distortion that stabilizes
antiferrodistortive d3 x r3 2 2 and d3 y r3 2 2 orbital ordering in the
ab-plane, similar to the d-type polymorph of KCuF3.8,10 The d-
type polymorph corresponds to a C-type orbital ordering,
while the a-type polymorph corresponds to a G-type orbital
ordering. The cubic phase does not display Jahn−Teller
distortions or orbital ordering. Below 79.5 K, KCrF3 shows an
incommensurate antiferromagnetic ordering, which transitions
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to a commensurate antiferromagnetic ordering at 45.8 K.11

Below 9.5 K, the magnetic structure displays a canting
antiferromagnetic ordering and weak ferromagnetism,.8

In contrast, NaCrF3 (Glazer tilt a−b−c−) is a triclinic
fluoroperovskite, crystallizing in space group P1̅.12,13 It is
highly distorted due to the low tolerance factor induced by the
small sodium ion, and no structural phase transitions are
reported. Similarly to KCrF3 (Glazer tilt a0a0c−) and LaMnO3
(Glazer tilt a−b+a−), NaCrF3 adopts an A-type antiferromag-
netic structure, induced by the orbital ordering scheme driven
by the Jahn−Teller effect. However, in contrast to the
magnetic structure of KCrF3, the magnetic moments in
NaCrF3 display a slight canting. NaCrF3 also displays a
metamagnetic transition at 8 T.12

This paper presents a new Cr(II) fluoroperovskite,
NH4CrF3, whose the synthesis is briefly described in the
literature prepared by an alternative method.14 We prepared
NH4CrF3 based on the wet-chemical methods described in ref
12, and here, we present the structural and magnetic properties
of NH4CrF3 investigated by X-ray and neutron diffraction and
magnetic measurements.

■ EXPERIMENTAL SECTION
Powder samples of NH4CrF3 were synthesized according to the
procedure established by Bernal et al.,12,15 and all work was carried
out under strictly inert conditions on a Schlenk line and with degassed
solvents. First, chromium(II) acetate dihydrate was prepared from
CrCl3 × 6H2O (Alpha Aesar, 99.5%), which was reduced with zinc
(Alpha Aesar, 99.9%) and hydrochloric acid (Fisher Chemical, 37%)
to form a Cr(II) solution. Next, chromium(II) acetate was
precipitated by adding a supersaturated solution of sodium acetate
(Fluka, ≥99.0%). Chromium(II) acetate dihydrate was then washed
with H2O and acetone (VWR), before it was dried under high
vacuum and stored in a glovebox for later use.

NH4CrF3 was synthesized by adding 8 mL of H2O and 5 mL of
methanol to 2 g of chromium(II) acetate in a polycarbonate vial and
heated to 70 °C. 4 g of NH4HF2 (Sigma-Aldrich, 99.999%) dissolved
in 5 mL of H2O was also heated to 70 °C and transferred to the
chromium(II) acetate solution under vigorous stirring, and NH4CrF3
precipitated. The large molar excess (≈13) was used to aid the
precipitation of the product. Note that special safety precautions, such
as suited PPE and HF-compatible gloves, must be taken when
working with bifluorides. The product was washed three times with
methanol, filtered, and dried under high vacuum. The final product is
stable in air for hours, but for longer storage, a protective atmosphere
should be used. Powder X-ray diffraction was collected at room
temperature with a Bruker D8 A25 powder diffractometer with Mo
radiation and a focusing mirror Dectris Eiger 500R 2D detector,
which showed the product to be phase pure. Capillaries were filled in
the glovebox and sealed.

High-resolution X-ray diffraction data was collected at the Swiss-
Norwegian beamlines BM01 and BM31 at the European Synchrotron
Radiation Facility.16 Powder samples of NH4CrF3 were packed in 0.3
mm capillaries in the glovebox, and data was collected with a 2D
PILATUS2M detector using a wavelength of 0.73074 Å at BM01 and
with a PILATUS3 X CdTe 2 M using a wavelength of 0.25509 Å at
BM31. The samples were cooled/heated between 100 and 500 K
using an Oxford Cryostream 700+ nitrogen blower. The data was
reduced with the Bubble software.16 Neutron powder diffraction was
collected at the high-resolution powder diffractometer for thermal
neutrons (HRPT) at the Swiss Spallation Neutron Source of the Paul
Scherrer Institut, Switzerland.17 A powder sample of NH4CrF3 was
loaded into a 10 mm vanadium can inside a helium-filled glovebox.
Data was collected between 1.7 and 100 K with wavelengths of 1.886
and 1.155 Å. All diffraction data was analyzed with Jana202018 and
TOPAS V6.19 X-ray data was refined using a peak shape function for
powder diffraction on large area detectors.20 In the combined

refinement, we used neutron data collected at 65 K and X-ray data
collected at 100 K and refined the data with individual lattice
parameters and common atomic coordinates. The 65 K neutron data
was used as the statistics were better, and the data was collected with a
shorter wavelength, which is more suited for structural refinements.
Bond valence sum calculations were performed according to bond
valence = exp((R0 − R)/B), with R0 = 1.67 and B = 0.37 for
chromium fluoride, R0 = 1.014 and B = 0.413 for hydrogen−nitrogen,
and R0 = 0.708 and B = 0.558 for hydrogen fluoride.21

Optical measurements were performed on a FLAME-S spectrom-
eter from OceanOptics using a white diode and optical fibers. For the
measurements, the samples were filled in 1 mm capillaries and sealed
before measurements. The incident light hit the sample surface at a
right angle, and the detector was positioned at a 45° angle to it.
Absorbance spectra were computed from reflectance using the
Kubelka−Munk method.22

Magnetic measurements were carried out on a Quantum Design
Magnetic Properties Measurement System (MPMS) XL 7T on a
powder sample of NH4CrF3. Temperature-dependent DC magnetic
susceptibility χ(T) data was measured between 4 and 300 K in a zero-
field-cooled/field-cooled (ZFC-FC) mode, under 500 and 5000 Oe
fields. Isothermal field-dependent measurements were collected at 4
and 300 K with a maximum field of 50 kOe.

■ RESULTS
Crystal Structure of NH4CrF3. Powder samples of

NH4CrF3 with a pale blue color were obtained from the wet-
chemical synthesis, and evaluation by X-ray powder diffraction
data collected at room temperature showed that the samples
were phase pure. The diffraction pattern could be indexed in a
tetragonal unit cell similar to KCrF3.8 However, the presence
of, e.g., the reflections between 2.2 and 2.8 Å−1 indicates that
the symmetry deviates from that of both a-type and d-type
polymorphs of KCuF3.10

Indexation of the X-ray diffraction data indicates the space
group of NH4CrF3 to be P42/mbc. Structure solution based on
the diffraction data quickly yielded a reasonable solution,
however, without hydrogen sites. We found nitrogen to adopt
the 4b-site, which has a −4 site symmetry, indicating the
tetrahedral shape of the NH4 groups. Neutron diffraction was
employed to determine the hydrogen sites, and we found
hydrogen to adopt the 16i-site around nitrogen. Finally, we
performed a combined Rietveld refinement of X-ray (100 K)
and neutron (65 K) powder diffraction shown in Figure 1, and
the refined structural parameters are given in Table 1. We note
that the refined N−H distance of 1.013(3) Å, Table 2, fits well
with the expected 1.035(8)−1.045(6) Å in NH4F.23

The nuclear structure of NH4CrF3, Figure 2, is closely
related to that of KCrF3 and KCuF3. The CrF6 octahedra have
strong Jahn−Teller deformations, with two long and four short
Cr−F bonds, corresponding to a pure Q3 Van Vleck mode,
Table 2. The long Cr−F-bonds are in the ab-plane and are
stacked along the c-axis without rotation, corresponding to a
Glazer tilt of a0a0c−. The stacking is thus similar to the d-type
polymorph of KCuF3, and NH4CuF3 is reported to adopt this
structure at room temperature.24 The stacking of the long Cr−
F-bonds corresponds to C-type orbital ordering by analogy to
LaMnO3.25 The difference in symmetry and the crystal
structure of NH4CrF3 and KCrF3 has its origin in the
anisotropic shape of the NH4 cation and hydrogen bonding.
Even at room temperature, the NH4 groups are ordered and
create hydrogen bonds to the fluoride anions in the ab-plane
(F2 sites). The hydrogen bonds are evident through buckling
of the Cr−F−Cr angle, and the Cr1−F2−Cr1 angle is
170.28(7)° at 65 K, Figure 2. The hydrogen bonding is also
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evident from the bond distances, where one of the H1−F2
bonds is significantly shorter than the other H−F bonds, Table
2. Bond valence sum calculations indicate that chromium is
divalent (+1.92), while hydrogen is monovalent (+1.22).

Optical measurements corroborate the impact of the Jahn−
Teller effect and structural distortions on the electronic
structure of NH4CrF3, Figure 3. In the optical absorption
spectrum measured at room temperature, we observe three
broad levels for the spin-allowed (SA) transitions, E1−3,
between 1.3 and 2 eV. The SA transitions are separated
from the two sharp spin-forbidden (SF) transitions E4−5, which
lie between 2 and 2.6 eV. The transitions arise from splitting
the eg and t2g levels by the tetragonal distortion and are thus a
signature of the Jahn−Teller distortions. The data is also in
good agreement with NaCrF3 and KCrF3.13 This measurement

thus confirms (i) the electron configuration of Cr(II), (ii) the
presence of the Jahn−Teller distortions, and (iii) the close
structural, orbital ordering, and electronic relations to ACrF3
with A = Na and K.

Order−Disorder Transition. The temperature stability of
the ammonium ordering was investigated by X-ray powder
diffraction between 100 and 500 K. In the diffraction patterns,
the ammonium ordering can be identified by the (2,1,1)
reflection at 2.39 Å−1. The reflection is a fingerprint of the
buckling of the Cr−F−Cr angle, see the Supporting
Information. As shown in Figure 4, the reflection disappears
around 405 K. Thus, NH4CrF3 displays an order-to-disorder
transition at 405 K. The low-temperature phase has ordered
ammonium groups and corresponding buckling of the Cr−F−
Cr angle due to hydrogen bonds to fluoride. The disordered
high-temperature phase has disordered ammonium groups and
no buckling of the Cr−F−Cr angle. The symmetry of the
compound changes from P42/mbc to P4/mbm in the order-to-
disorder transition, corresponding to a transition to higher
symmetry. The continuous nature of the transition indicates
that it is a second-order transition.

The high-temperature P4/mbm structure of NH4CrF3 is
identical to that reported for NH4CuF3 at room temperature
and the d-type polymorph of KCuF3, corresponding to a
Glazer tilt of a0a0c+ and C-type orbital ordering.10 In the high-
temperature phase, the ammonium group can be described
with hydrogen in the 16l-site with 50% occupancy, creating a
cube around nitrogen, illustrating the disordered state of the
ammonium group at high temperatures. A refinement with
anisotropic displacement parameters shows no elongation
normal to the bond direction for F2 due to disorder in the
buckling of the Cr1−F2−Cr1 angle. Structural information for
NH4CrF3 at 500 K is given in Table 3. Bond valence sum
calculations of the high-temperature phase indicate similar
oxidation states as the low-temperature phase; chromium is
divalent (+1.88), while hydrogen is monovalent (+1.22).

To follow the temperature evolution of the ammonium
ordering, we performed symmetry-mode analysis through
Rietveld refinements generated from ISODISTORT of the

Figure 1. Measured, calculated, and difference curves for combined
Rietveld refinement of tetragonal NH4CrF3 (P42/mbc) against X-ray
(top, λ = 0.25509 Å, 100 K) and neutron powder diffraction (bottom,
λ = 1.155 Å, 65 K) data. The first hump in the background for the X-
ray data is from the capillary. The sloped background for the neutron
powder diffraction data originates from incoherent scattering from
hydrogen.

Table 1. Atomic Coordinates of NH4CrF3 from Combined Rietveld Refinement of Neutron (λ = 1.155 Å) and X-ray (λ =
0.25509 Å) Dataa

atom Wyckoff site x y z Occ Biso (Å2)

N1 4b 0 0 0.25 1 0.31(3)
H1 16i 0.4176(7) 0.3972(6) 0.3263(4) 1 1.80(5)
Cr1 4c 0 0.5 0 1 0.22(2)
F1 4d 0 0.5 0.25 1 0.43(3)
F2 8h 0.7505(3) 0.2969(2) 0 1 0.51(2)

aThe refinement was performed in space group P42/mbc with individual lattice parameters of a = b = 6.2257(3) Å and c = 7.9654(4) Å for the
Neutron data at 65 K and a = b = 6.22593(6) Å and c = 7.96165(8) Å for the X-ray data at 100 K.

Table 2. Selected Bond Distances in NH4CrF3 at 65 K
Obtained from Combined Rietveld Refinement of X-ray and
Neutron Diffraction Data

bond distance (Å) bond distance (Å)

Cr1−F1 1.9913(5) H1−F1 2.746(4)
Cr1−F2 2.003(2) H1−F2 2.885(4)
Cr1−F2 2.418(2) H1−F2 2.917(4)
N1−H1 1.021(4) H1−F2 3.049(3)
H1−F2 1.823(4) H1−F2 3.148(4)
H1−F1 2.598(4)
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ISOTROPY Software Suite.26,27 The group−subgroup be-
tween P4/mbm and P42/mbc is associated with the Z point Z
0, 0, 1

2

Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑ of the Brillouin zone, a basis of {(1, 0, 0), (0, 1, 0), (0,

0, 2)}, and the irreducible representation Z2
+ of P4/mbm. Two

symmetry modes represent the distortions when transitioning
from P4/mbm to P42/mbc: a1 representing the displacement of

F2 in the ab-plane (Z2
+), and a2 representing the displacement

of F along the Cr−F−Cr bond in the ab-plane (Γ1
+), i.e., the

amplitude of the Jahn−Teller distortion. Hydrogen would
follow the Z2

+ occupation mode, which was not included due
to the low X-ray contrast. The diffraction data were refined
sequentially, and a1 was restricted to zero above 405 K, i.e., the
order-to-disorder transition temperature. The restriction on a1
was used as the calculated patterns had some calculated
intensity at the (211) peak above the transition, although the
experimental data showed no intensity.

Upon heating from 100 K, the lattice parameters and unit
cell volume expand linearly as expected, Figure 5. Above 200
K, we observe a change in the slope of the a lattice parameter;
the expansion decays and the a lattice parameters start to
contract above 280 K. Simultaneously, the thermal expansion
of the c lattice parameter escalates. The combination of the
contraction of the a lattice parameter and the escalating
thermal expansion of the c lattice parameter reduces the
expansion of the unit cell volume, and above 350 K, it
contracts slightly. At the order−disorder transition, the thermal
expansion changes from negative to positive, and the lattice
continues to expand linearly. The changing trends in the
thermal expansion can also be directly observed as slight
changes in the curvature of the reflections in Figure 4.

In the Rietveld refinements, we refined the a1 and a2
symmetry modes, which describe the position of the fluoride
atoms. The coordinates of chromium and nitrogen were not
refined as they are at special positions, while the coordinates of
the hydrogen site were restricted to neutron diffraction values.
The changes of the Cr1−F2−Cr1 angle (a1 symmetry mode)
display the most prominent changes, see Figure 5 and the
Supporting Information. As a1 describes the buckling of the
Cr1−F2−Cr1 angle, the two parameters follow each other
inversely. We observe the Cr1−F2−Cr1 angle to be stable up
to 280 K before it starts to increase, coinciding with the change
of slope in the thermal expansion of the a lattice parameter.
The Cr1−F2−Cr1 angle increases and reaches 180° at the
order−disorder transition temperature of 405 K. a2 remains
fairly constant throughout the refinements. Thus, the Jahn−
Teller ordering remains after the transition. We note that the
results from symmetry mode refinements are consistent with
Rietveld refinements of the crystal structure without symmetry
mode restrictions.

Magnetic Properties. At high temperatures, the DC
magnetic susceptibility χ(T) of NH4CrF3 indicates typical
paramagnetic behavior, Figure 6. A Curie−Weiss fit at 500 Oe

Figure 2. Low-temperature crystal structure of tetragonal NH4CrF3 (P42/mbc). Nitrogen, hydrogen, chromium, and fluoride are illustrated as
orange, pink, blue, and gray, respectively.

Figure 3. Optical absorption spectra of NH4CrF3 collected at room
temperature. The SA transitions are labeled E1−E3, while E4 and E5
are SF.

Figure 4. X-ray diffraction patterns of NH4CrF3 as a function of
temperature. The sample was contained in a sealed capillary for the
experiment. The (211) reflection at 2.39 Å−1 fingerprints the order−
disorder transition. The bright dots are cosmic radiation on the
detector.
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in the temperature range of 100−300 K reveals a paramagnetic
moment of μeff = 4.3 μB, which is in good agreement with the
theoretical μeff = 4.9 μB for a high-spin Cr2+ (d4) S = 2 system,
and similar to the μeff = 4.38 μB observed in KCrF3.11

Moreover, the negative Weiss temperature θ = −33 K
extracted from the fit in the paramagnetic regime indicates
that antiferromagnetic interactions dominate the magnetic
moments on Cr2+. Isothermal M(H) curves are also presented
in the inset of Figure 6. At 300 K, the magnetization is linear
and in agreement with a paramagnetic state.

At low temperatures, the magnetic susceptibility agrees with
long-range antiferromagnetic ordering, associated with a Neél
temperature of TN = 60 K, Figure 6. However, we observe a
difference between ZFC and FC below TN, which is reduced
under a larger magnetic field. A similar behavior was observed
in KCrF3 and attributed to weak ferromagnetism,8 while it
remains open if this is the case for NH4CrF3. The M(H)
measurements at 4 K show a tiny opening and low
magnetization (0.27 μB/f.u.), which supports this assumption.

Neutron Diffraction and Magnetic Structure. Neutron
diffraction data collected at HRPT allowed us to investigate

the magnetic ordering below the transition temperature in
detail. We clearly observe new reflections in the diffraction
pattern, most significantly two reflections at 0.78 and 1.63 Å−1,
which can be indexed as (0,0,1) and (1,1,1) in P42/mbc, Figure
7. A magnetic propagation vector of k = (0, 0, 0) can index the
new reflections. The (001) reflection is forbidden in the parent

Table 3. Atomic Coordinates of NH4CrF3 from Rietveld Refinement of X-Ray (λ = 0.25509 Å) Data at 500 K in Space Group
P4/mbm with a = b = 6.23886(7) Å and c = 4.02014(5) Åa

atom Wyckoff site x y z Occ Uiso (Å2)

N1 2b 0 0 0.5 1 0.0287(13)
H1 16l 0.89376 −0.08089 0.35450 0.5 0.05
Cr1 2d 0 0.5 0 1 0.0150(4)
F1 2c 0 0.5 0.5 1 0.0239(8)
F2 4g 0.2268(4) 0.7268(4) 0 1 0.0284(9)

aAtomic positions, occupation, and thermal displacement parameters for hydrogen were locked to values obtained from neutron diffraction.

Figure 5. Lattice parameters, unit cell volume, and the Cr1−F2−Cr1
angle from Rietveld refinements for NH4CrF3 across the ammonium
order-to-disorder transition. The dashed line indicates the order-to-
disorder transition temperature at 405 K.

Figure 6. Magnetic measurements of a NH4CrF3 powder sample.
Top: ZFC-FC at 500 and 5000 Oe. Inset: M(H) curves at 4 and 300
K. Lower: Curie−Weiss fit at 500 Oe of ZFC.

Figure 7. Neutron powder diffraction patterns of NH4CrF3 measured
at HRPT at 1.7 and 65 K, and the difference between the two
patterns. The difference curve indicates the reflections originating
from magnetic ordering.
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space group, and the magnetic symmetry must thus break the
symmetry. The strong intensity of the (001) reflection also
indicates that the magnetic moments have a significant
component in the ab-plane. Considering these indices in the
a r i s t o t y p e p e r o v s k i t e s e t t i n g ( Pm 3̅m b a s i s

( ) ( ) ( ), , 0 , , , 0 , 0, 0,1
2

1
2

1
2

1
2

1
2{ } with respect to P42/

mbc), we can index these peaks as ( )0, 0, 1
2

and

( ) ( )1, 0, / 0, 1,1
2

1
2

, indicating A-type magnetic ordering,
which is the X-point irreducible representation with respect
to Pm3̅m.

Based on the k = (0, 0, 0) propagation vector, we evaluate
the possible magnetic space groups and irreducible representa-
tions associated with the parent space group P42/mbc at the
gamma point Γ [0,0,0] of the Brillouin zone. We find the
magnetic space groups Ccc′m′, Pb′am′, and P2′/m′, which
belong to the m Γ5

+ irreducible representation of P42/mbc, to
describe the data accurately. The three magnetic space groups
yield a similar fit and magnetic ordering. We can thus not
distinguish the magnetic space groups from each other based
on the data. We note that Ccc′m′ and P2′/m′ both allow a
ferromagnetic component, while Pb′am′ does not. The three
magnetic space groups all have Mz = 0 by symmetry.
Ccc′m′ and Pb′am′ have two independent chromium sites,

while P2′/m′ has four. Our refinements show that the sites
converge toward the same ordered moment with opposite
signs. No improvement is observed when the moments are
refined individually compared to when they are restricted to
the same value. We thus continue with restricting the moments
to the same amplitude.

The magnetic space groups Ccc′m′, Pb′am′, and P2′/m′
allow the moments to order in different directions. From
powder neutron diffraction, we cannot determine the direction
of the magnetic moments except for their angle with the
unique axis of the magnetic structure as the symmetry is
uniaxial.28 We thus continue our analysis with Ccc′m′ (BNS:
66.496) and its symmetry restrictions, as this magnetic space
group has the highest symmetry.

The magnetic unit cell of Ccc′m′ has a basis {(−1, −1, 0),
(−1, 1, 0), (0, 0, 1)} with respect to P42/mbc and a shift of

( ), , 01
4

1
4

. In the refinements, we find that My dominates the
magnetic signal. Mx represents a ferromagnetic canting of the
moments and was restricted to zero as it does not significantly
influence the calculated diffraction pattern. It is thus evident
that if a ferromagnetic component is present in the neutron
diffraction, it is too small to be observed with the available
data. The final Rietveld refinement of the magnetic structure
and structural information are shown in the Supporting
Information.

The magnetic structure is illustrated in Figure 8 and can be
described as an A-type antiferromagnetic structure. The
magnetic moments construct ferromagnetic layers with the
moments directed along the 1, 1 , 0[ ]-direction in the original
cell, corresponding to [0,1,0] in the new basis. The
ferromagnetic layers are stacked in an antiferromagnetic
manner along [0,0,1]. The magnetic moments are thus
directed along the Cr1−F2 bonds. The refined magnetic
moment is 3.72(2) μB at 1.7 K, which is in excellent agreement
with the expected value of 4 μB. Temperature dependence of
the magnetic moment and the lattice parameters can be found
in the Supporting Information.

■ DISCUSSION
Here, we present a new member of the elusive ACrF3
fluoroperovskites based on a robust and reliable wet-chemical
synthesis method. Again, this proves that the wet-chemical
approach allows the preparation of Cr(II) fluoroperovskites,
despite their sensitivity to oxidation, and ACrF3 with A = Na,
K, and NH4 are now reported with this method.12,13

Interestingly, we observe three different crystal structures at
room temperature for A = Na+, K+, and NH4

+. The deviations
in crystal structure induced by different A-sites also cause slight
differences in the physical properties of the compounds.
However, the similarity in the electronic structure is evident
from optical measurements.

The crystal structure of NH4CrF3 has the same arrangement
of the long Jahn−Teller axis as the d-type polymorph of
KCuF3, corresponding to the same antiferrodistortive orbital
ordering of d3 x r3 2 2 and d3 y r3 2 2 in the ab-plane and C-type
orbital ordering. The structure also stands out among the
ammonium fluoroperovskites as it displays ammonium order-
ing at room temperature, in contrast to, e.g., NH4MnF3,
NH4CoF3, and NH4CuF3.29−32 The ordering temperature of
405 K is significantly higher than that of NH4MnF3 and
NH4CoF3, of 182 and 127.7 K, respectively,29,31 indicating that
the hydrogen bonding is particularly strong in NH4CrF3.

In addition to the ammonium ordering, NH4CrF3 displays
buckling of the Cr−F−Cr angle, indicative of H−F bonding.
Such buckling of the bonds is not reported for the low-
temperature phase of NH4CoF3, while it is observed in
NH4MnF3. However, while the buckling in NH4MnF3 has a
displacement in all three directions, the buckling in NH4CrF3
corresponds to the displacement of fluorine in the ab-plane.
The buckling of the Cr−F−Cr angle is however similar in
NH4CrF3 and NH4MnF3, with 170° and 169−174°,
respectively.29

Hydrogen bonding in halide perovskites is often observed in
hybrid halide perovskites. The strength of the hydrogen bond

Figure 8. Magnetic structure of NH4CrF3 with magnetic space group
Ccc′m′ with a basis {(−1, −1, 0), (−1, 1, 0), (0, 0, 1)} and a shift of

( ), , 01
4

1
4

from the original cell. The magnetic moments of the
chromium atoms form ferromagnetic layers that are stacked
antiferromagnetic, yielding A-type antiferromagnetic structure.
Chromium atoms are shown in blue and fluorine in gray. The
ammonium groups are removed for clarity.
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is indicated by the order-to-disorder transition temperature.33

Although we have not experimentally estimated the hydrogen-
bonding energies, the high order-to-disorder transition
temperature indicates that the strength of the hydrogen
bonds in NH4CrF3 is strong, also compared to, e.g., hybrid
halide perovskites. For example, AmBX3 with Am+ =
hydrazinium (NH2NH3+) and guanidinium (C(NH ) )2

3+

have ordering temperatures order-to-disorder transition
temperatures of 352 and 503 K and hydrogen-bonding
energies of 0.28 and 0.21 eV, respectively.33

The complexity of the structural chemistry of NH4CrF3
results from diverse degrees of freedom, namely, Jahn−Teller
activity, orientational ordering of the ammonium molecules,
and the formation of hydrogen bonds. It is clear that the
energy scale of the Jahn−Teller ordering is the largest.
Ammonium groups are typically disordered above 100 K in
fluoroperovskites, and we thus estimate the energy scale of the
hydrogen bonding to be larger than that of the rotation of
ammonium molecules. Based on the current data, we cannot
estimate the energy scale of these processes further.

We believe that the high ordering temperature of NH4CrF3
can be attributed to the Jahn−Teller bonds’ susceptibility to
distortions. The increased flexibility is, e.g., demonstrated in
hybrid organic−inorganic perovskites.34 Another example is
KCuF3 under high pressure; the Jahn−Teller axis is com-
pressed more than the other axes.35 The increased flexibility of
the Jahn−Teller and hydrogen bonding leads to the buckling
of the Cr−F−Cr angle, and the flexibility allows the hydrogen
bonds to stabilize the ammonium-ordered phase at higher
temperatures. These results showcase how different A-site
cations can influence the crystal structure of fluoroperovskites.

Unlike NH4CrF3, NH4CuF3 does not display ammonium
ordering at room temperature. Although the ordering
transition temperature of NH4CuF3 is unknown, it is certainly
below room temperature. This indicates that there is a
difference between the two compounds. The quadratic

elongation, λ ( ( )n i
n l

l
1

1

2
i

0
= = , where l0 is the center-to-

vertex distance), is larger for NH4CuF3, thus not the origin of
the different ordering temperatures. We suggest that the origin
is the smaller size of copper(II) compared to chromium(II),
which yields a larger tolerance factor that makes NH4CuF3 less
susceptible to deformations.

The contraction of the unit cell is attributed to the order−
disorder transition of the ammonium groups. When heated
from 100 K, the sample undergoes normal thermal expansion.
Above 200 K, the slope of the a-axis starts gradually to change,
Figure 5, and we believe that hydrogen bonds start to be
broken in this temperature region. This leads to a contraction
of the a-axis above 280 K due to the contraction of the Cr−F2
bonds that counteract the straining of the Cr1−F2−Cr1 angle.
The effect is parallel to the ice-to-water transition, which is also
associated with a volume reduction. A volume contraction is
also observed in the tetragonal to the cubic phase transition of
KCrF3.9 However, this is an orbital melting transition and not
an order-to-disorder transition. We also note that the unit cell
volume of NH4CrF3 is larger than expected based on the size
of the ammonium cation compared to KCrF3. This is explained
by hydrogen bonds deforming the structure and increasing the
volume.

For the indications of a second-order transition, it is easy to
envision the continuous evolution of the octahedral tiling.

However, it is more natural to envision a first-order transition
for the ammonium freezing. We note that X-ray data was used
to monitor the transition, and we extracted information about
the unit cell dimensions. Although the octahedral distortions
appear as second order, we do not probe the ammonium
groups, and a technique like quasi-elastic neutron scattering
would be more suited to address such aspects of the transition.

The A-type antiferromagnetic structure of NH4CrF3
obtained from neutron diffraction is in good agreement with
theoretical expectations from the Goodenough−Kanamori−
Anderson rules36 based on the C-type orbital ordering scheme:
ferromagnetic exchange between d3 x r3 2 2 and d3 y r3 2 2 and
antiferromagnetic exchange between d3 x z2 2 and d3 y z2 2

orbitals. Neutron diffraction studies of NaCrF3 and KCrF3
also suggest that an A-type antiferromagnetic structure should
be expected.11,12 A-type antiferromagnetism is also in agree-
ment with the isoelectronic Mn3+ manganite perovskite and
the related KCuF3.10,37

In contrast to the case of KCrF3, we did not observe any
incommensurate component of the magnetic propagation
vector and no tilting of the magnetic moments as observed in
NaCrF3.12 However, as in KCrF3, we observe similar
indications of weak ferromagnetism in the susceptibility data,
which display a difference between ZFC and FC that can be
reduced with increasing magnetic field.8 The neutron
diffraction analysis shows that a ferromagnetic canting of the
spins away from a collinear A-type antiferromagnetic
configuration is allowed by symmetry for Ccc′m′ and P2′/m′
but not for Pb′am′. The neutron diffraction does not give
experimental support for canting. By a very crude approx-
imation, the tilting angle can be estimated from the M(H)
measurements at 4 K to ( )sin 31 0.2

4
= ° at 4 T external field.

As this angle should be smaller at lower fields, it is unlikely to
be observable with powder neutron diffraction, especially with
the incoherent background from hydrogen. It thus remains
open whether the indications of weak ferromagnetism are
intrinsic to the system.

A small amount of ferromagnetic impurity may also explain
the difference between ZFC and FC. The small increase in
susceptibility at very low temperatures would also support this
hypothesis. However, no secondary phase was identified during
our structural analysis, evidencing the high purity of the
sample.

■ CONCLUSIONS
For the first time, the structural chemistry of NH4CrF3 is
investigated in detail. It adopts a tetragonal Jahn−Teller
distorted perovskite crystal structure with d-type stacking of
the Jahn−Teller bonds and C-type orbital ordering. At room
temperature, the ammonium groups order and display clear
signs of hydrogen bonds to nearby fluoride atoms by buckling
the Cr−F−Cr angle away from 180°. Our results indicate a
correlation between the flexibility of the Jahn−Teller ion, the
hydrogen bond formation, and the ammonium cation ordering.
The Jahn−Teller effect makes the bonds more susceptible to
distortions, allowing hydrogen bonds to stabilize an
ammonium-ordered structure up to 405 K. Across the order-
to-disorder transition, we observe a unit cell contraction
associated with breaking hydrogen bonds, similar to the
phenomenon observed in water ice melting. NH4CrF3 is an A-
type antiferromagnet with an Neeĺ temperature of 60 K, in
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agreement with the C-type orbital ordering scheme and other
Cr(II) fluoroperovskites.
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