PHYSICAL REVIEW MATERIALS 7, 124408 (2023)

Magnetic order in the two-dimensional metal-organic framework manganese
pyrazinecarboxylate with Mn-Mn dimers
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The magnetic properties of [Mn(pyrazinecarboxylate),],, empirical formula C(H¢MnN,Oy, are investigated
through susceptibility, heat capacity, and neutron scattering measurements. The structure consists of Mn-Mn
dimers linked on a distorted 2D hexagonal structure. The weak out-of-plane interactions create a quasi-2D

magnetic material within the larger three-dimensional metal-organic framework structure. We show that this
material undergoes a two-stage magnetic transition, related to the low dimensionality of the Mn lattice. First,
at 5 K, which is assigned to the initial development of short-range order in the 2D layers. This is followed by
long-range order at 3.3 K. Applied field measurements reveal the potential to induce magnetic transitions in

moderately small fields of ~2 T. Neutron powder diffraction enabled the determination of a unique magnetic
space group P2,'/c (No. 14.77) at 1.5 K. This magnetic structure consists of antiferromagnetically coupled
Mn-Mn dimers with spins principally along the out-of-plane a axis.

DOI: 10.1103/PhysRevMaterials.7.124408

I. INTRODUCTION

Investigations of two-dimensional (2D) layered magnetic
materials has revealed properties of interest for both funda-
mental and applied research. This is exemplified by graphene
and beyond-graphene materials where the bulk compound has
2D layers weakly coupled through van der Waals bonding that
can often be exfoliated or otherwise isolated down to a few or
single layers [1-6]. In these inorganic compounds, numerous
nontrivial topological and quantum behaviors have been ob-
served and predicted due to the low dimensionality enhancing
this behavior. Investigations on inorganic quasi-2D materi-
als have uncovered topologically protected skyrmions [7,8],
quantum spin liquids with emergent Majorana fermions [9],
and spontaneous topological Hall effect [10]. Conversely, the
tunability of coordination polymers or, equivalently, magnetic
metal-organic frameworks (MOFs), offers a powerful but less
explored material space to achieve analogous physics when
magnetic metal ions are added to well-isolated 2D layered
coordination structures [11-16]. An extremely large variety
of structures are available through often highly predictable or-
ganic chemistry routes. The ability to control the in-plane 2D
motif, the spacing of layers, and potential to introduce hybrid
functionality on the organic linkers affords multiple intriguing
research avenues for magnetic coordination polymers in the
realm of quantum materials.

The material [Mn(pyrazinecarboxylate),],, henceforth
Mn(2-pzc),, where 2-pzc = 2-pyrazinecarboxylate, contains
well-isolated 2D layers of Mn”* ions. Reference [17] pre-
viously reported on this material, with x-ray diffraction and
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magnetic susceptibility measurements. The structure contains
only one Mn site, however, the Mn ions within the layer have
two distinct bonding environments with spacings of ~3.5 A
and ~5.6 A. This results in Mn-Mn dimers that are linked
to form a distorted 2D hexagonal network. These 2D layers
are well isolated by an interlayer Mn-Mn distance of ~9.4 A,
with the bonding containing weak hydrogen bonds between
ligands. Mn(2-pzc); is therefore expected to be a good realiza-
tion of a quasi-2D material in a bulk compound. The previous
powder magnetic susceptibility measurements were fit to a
Curie-Weiss law down to 5 K and showed antiferromagnetic
interactions with the Mn>* ion in the S = 5/2 spin state.
Inspecting the magnetic susceptibility in Ref. [17] reveals
an apparent low-temperature anomaly, however, there was no
discussion of any potential magnetic order transition.

Here we undertake magnetic susceptibility, heat ca-
pacity, and neutron powder diffraction measurements that
reveal long-range magnetic order in Mn(2-pzc),. The field-
dependent behavior is investigated through single crystal
magnetic susceptibility measurements that show a two-stage
magnetic transition. In addition, there is a potential in-
field magnetic transition, which indicates routes to tune
the magnetic properties in moderate fields. Neutron powder
diffraction is utilized to investigate the crystalline and mag-
netic structure through temperature-dependent measurements.
Despite the presence of increased incoherent scattering from
hydrogen in Mn(2-pzc),, empirical formula C;oHgMnN4Oy,
good quality neutron diffraction data are obtained. This high-
lights the strength of monochromatic high flux reactor-based
neutron instruments coupled with the choice of large mo-
ment metal ions when investigating magnetic MOFs. At the
lowest temperature of 1.5 K, long-range magnetic order is ob-
served with several magnetic reflections identified. Symmetry
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FIG. 1. (a) Rietveld refinement of neutron powder diffraction data for Mn(2-pzc), collected on the HB-2A instrument with a wavelength
of 1.54 A at 20 K. (b) Crystal structure of Mn(2-pzc),. The box represents the unit cell in the P2, /c space group. (c) Nearest- and next-nearest-
neighbor Mn ions are bonded through distinct pathways of Mn-O-Mn and Mn-O-C-O-Mn.

analysis of this magnetic structure shows that the Mn-Mn
dimers form antiferromagnetic pairs, with spins prefer-
entially aligned in the out-of-plane a direction in the
P2’ /c (No. 14.77) magnetic space group.

II. METHODS
A. Synthesis

Single crystals of Mn(2-pzc), were grown using the low-
temperature hydrothermal method. First, a total of 0.37
grams of pyrazinecarboxylate acid (CsH4N,O,) and anhy-
drous manganese(Il) acetate (Mn(CH3COOQO);) were mixed
in a stoichiometric ratio of 2:1 with 5 mL of water and
5 mL of ethanol in a small beaker. The mixture was then
mixed using a magnetic stirrer until everything was fully dis-
solved. Then the final mixture was loaded into a Teflon-lined
stainless-steel autoclave, sealed well, and heated at 140°C
for 12 h. After cooling to room temperature, a dark yellow
solution was recovered and left to evaporate at room tempera-
ture. The Mn(2-pzc); crystals were formed during the solvent
evaporation.

B. Magnetic property characterization

Temperature-dependent and field-dependent magnetic
measurements were performed using a Quantum Design Mag-
netic Property Measurement System. Magnetic properties
were determined using one single crystal with the weight of
3.8 mg. The single crystal specimen was affixed to a quartz rod
using GE varnish and temperature-dependent magnetization
measurements were carried out along three crystal directions.
The temperature-dependent data were collected in the range
of 2-350 K in an applied magnetic field up to 50 kOe. The
anisotropic isothermal magnetization measurements were per-
formed between 2—100 K in magnetic fields up to 60 kOe. The
heat capacity (Cp) of the sample was measured using a phys-
ical property measurement system between 2-200 K under
magnetic fields in the range 0—60 kOe. The crystal was placed
on their flat surface on the heat capacity puck stage and the
magnetic field was applied along the out-of-plane direction.

C. Neutron powder diffraction

Neutron powder diffraction measurements on five grams
of undeuterated Mn(2-pzc), were carried out on the HB-2A
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powder diffractometer at the High Flux Isotope Reactor, Oak
Ridge National Laboratory [18,19]. Hydrogen-based materi-
als present an extra challenge for neutron scattering by both
adding to the neutron absorption and creating an increased
background from incoherent scattering. These effects can
be easier to account for with constant wavelength instru-
ments due to the simpler data correction. Constant wavelength
measurements were performed at 2.41 A from the Ge(113)
monochromator reflection and 1.54 A from the Ge(115)
reflection. The premono, presample, and predetector collima-
tion was open-open-12’. A pyrolytic graphite filter was placed
before the sample to remove higher order reflections for the
2.41 A wavelength. The sample was contained in a 6-mm-
diameter vanadium can and cooled in a liquid “He cryostat in
the temperature range 1.5 K-300 K. The diffraction pattern
was collected by scanning a 120° bank of 44 3He detectors
in 0.05° steps to give 26 coverage from 5° to 130°. Counting
times were 8 h for the 2.41 A measurements and 2 h for the
1.54 A wavelength. Rietveld refinements were performed with
FULLPROF [20]. Symmetry-allowed magnetic structures were
considered using both representational analysis with SARAH
[21] and magnetic space groups with the Bilbao Crystallo-
graphic Server [22]. Plots of the crystal and magnetic structure
were prepared using VESTA [23].

III. RESULTS AND DISCUSSION

A. Crystal structure of Mn(2-pzc),

We begin by considering the crystal structure of Mn(2-
pzc),, which was previously reported as being in the P2;/c
space group [17]. To confirm this, we carried out neutron
powder diffraction measurements in the paramagnetic regime
of 20 K. The shorter wavelength of 1.54 A was used to give
the widest Q coverage to increase the number of measured
reflections. Well resolved and strong nuclear Bragg peaks
were observed. The data were refined with the reported P2, /c
space group. Figure 1(a) shows the data and refinement. There
is the expected elevated background, which is increased by a
factor of ~6 for Mn(2-pzc), compared to measurements on
a standard sample, with increased scattering at low Q that
reduces as Q increases, as expected. We note that despite the
presence of hydrogen, no additional treatment beyond that
used for the majority of samples on HB-2A was required
to model the background. For example, the data was read-
ily accounted for by the usual straightforward 6 coefficient
polynomial function used for most refinements of data on
this neutron powder diffractometer (see Ref. [20] and the
FULLPROF manual Eq. (3.4) for more details of standard back-
grounds available). The refined lattice constants and atomic
positions are given in Table I. Due to the large number of pa-
rameters, the thermal parameters were fixed to Bis, = 0.3 A?
during the analysis.

The structural unit cell is shown in Fig. 1(b). Con-
sidering the local Mn environment in Fig. 1(c) indicates
two distinct bonding pathways. Nearest-neighbor bonds are
Mn-O-Mn, which would suggest standard superexchange
magnetic pathways, whereas the next-nearest-neighbor bonds
are Mn-O-C-O-Mn, requiring extended superexchange mag-
netic interactions. The nearest-neighbor distance is 3.46(5) A

TABLE I. Refined crystal structure parameters for Mn(2-pzc),,
empirical formula C;0H¢MnN4Oy, at 20 K.

Space group P2,/c

a=10.2078(4) A
b=10.8444(4) A
c=10.1095(4) A

B =108.429(3)°.

Mn position (0.498(3), 0.128(2),1.101(3))
and site 4e

x?=172,R,,=28.80

Lattice constants

Goodness of fit

and the next-nearest neighbor is 5.71(3) A. The Mn-Mn
distance between the layers is 10.2078(5) A and is medi-
ated by a complex exchange pathway which includes weak
hydrogen bonds. This creates the 2D layered structure of
interest. Considering multiple unit cells, as shown in Fig. 2(a),
highlights the well-isolated 2D network of Mn-Mn ions. The
2D network in the bc plane is shown in Fig. 2(b). The

FIG. 2. (a) View of the 2D layers in Mn(2-pzc),. (b) The nearest-
neighbor dimers (thick red line) and next-nearest-neighbor (thin blue
line) interactions within the 2D layers are shown between the Mn
ions (purple sphere). The Mn ions form a distorted 2D honeycomb
structure. The crystallographic unit cell is indicated by the grey box.
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FIG. 3. (a) Magnetic susceptibility measurements from 2 K to 300 K. The solid black line is a fit using the Curie-Weiss law. (b) Directional
dependent measurements showing a broad anomaly centered around 5 K. Green/yellow are in-plane and blue is out of plane. Measurements
were in a 10 kOe field for all three directions. Inset: Out-of-plane magnetic field dependence. (c) Isothermal magnetization measurements
for a field applied out of plane. Inset: Directional-dependent measurements at 2 K, where green/yellow are in plane and blue is out of plane.
(d) Derivative of the susceptibility reveals two anomalies at 5 K and 3.2 K in a field of 10 kOe out of the plane.

nearest-neighbor Mn bonds can be viewed as Mn-Mn dimers
which interact with the next-nearest-neighbor Mn ions to form
a distorted 2D hexagonal layer.

B. Magnetic susceptibility and heat-capacity results

The initial report of Mn(2-pzc), in Ref. [17] measured
magnetic susceptibility of a powder sample. Despite the
apparent low-temperature anomaly recorded, no detailed dis-
cussion of potential magnetic ordering was reported. In the
synthesis reported here, small Mn(2-pzc), crystals grew as
rectangular rods, and we performed magnetic measurements
in three orientations based on the crystal morphology as
displayed in Fig. 3. The magnetic susceptibility produces a
broad peak below 10 K with a maximum around 5 K. After
that, it continuously decreases down to the lowest temperature
measured of 2 K, indicating an antiferromagnetic transition.
A broad transition is often a signature of short-range ordering
associated with the layered nature of the structure. The inverse
susceptibility was fitted using the Curie-Weiss law in the
range of temperature 100 < T < 300 K, see Fig. 3(a). This
gives Ocw = —7(1) K, indicating the antiferromagnetic nature
of this compound. This is close to the long-range ordering
temperature, discussed more below, and indicates a moderate
frustration value of f = 6 /Ty = 2. This contrasts, for exam-
ple, with a much higher frustration value of f = 10 found
in certain triangular-based magnetic MOFs [24]. The effec-
tive magnetic moment from the fit was peg = 5.7(2) up/Mn,

which is comparable to the expected moment of a Mn?* ion
in the high-spin d” state of 5.9 3.

The magnetic susceptibility data were also fit by taking
only intradimer interactions into the account [25,26]. The fit
to the 0.1 T data for the temperature range of 2 K-300 K
gives an exchange interaction value of J/k, = —1.31(2) K
(J = —0.11 meV). This is consistent with Mn(2-pzc), being
comprised of weakly coupled antiferromagnetic dimers.

The magnetic susceptibility measured in different crystal
orientations are displayed in Figs. 3(b) and 3(c). All field
directions of in-plane and out-of-plane show a broad peak
around the same temperature of 5 K at low fields < 10 kOe.
Increasing the field shifts the peak to lower temperatures. In
general, the behavior under applied field is nontrivial with
potentially a spin-flop transition which is further confirmed
from our isothermal magnetization measurements in Fig. 3(c).
This shows an anomaly at 2 K and 15 kOe. The inset of
Fig. 3(c) showing directional dependent measurements indi-
cates this anomaly occurs for fields applied out of plane only.
Considering the derivative of susceptibility (dM /dT) indicates
a two-stage transition at 7, =5 K and 71 =3 K see Fig. 3(d).

To gain further insights into the low-temperature behavior
in Mn(2-pzc),, we performed heat-capacity measurements.
Figure 4 shows the results. The peak in the heat capacity
for 0 T is observed at 3.3 K in Fig. 4(a). This is lower then
the broad peak from magnetic susceptibility which occurs
around 5 K, but consistent with the T} transition in the dM /dT
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FIG. 4. (a) Zero-field heat capacity measurements on Mn(2-
pzc), from 2 to 200 K. (b) Low-temperature and field-dependent
heat-capacity measurements. The magnetic field was applied along
the out-of-plane direction.

analysis. Applying a magnetic field leads to a lowering of the
transition temperature in the heat-capacity measurements and
the observation of a further transition in the form of a shoulder
in the heat-capacity anomaly. This can be seen in the inset of
Fig. 4(b) for a field of 3 T where a shoulder is measured at
3.2 K, followed by a further anomaly at 2.8 K. This anomaly
at T = 2.8 K may indicate a further field-induced transition
distinct from the 7} and 75 transitions.

Collectively, the susceptibility and heat-capacity results
reveal multiple transitions that can be rationalized by consid-
ering the low-dimensional nature of Mn(2-pzc),. We postulate
that short-range order occurs around 5 K in the 2D layers. This
gives the broad peak in the susceptibility rather than a sharp
transition. Then, at 3.3 K the transition to three-dimensional
long-range order occurs. This is observed in the heat capacity
and also the magnetic susceptibility through dM /dT as a two-
stage transition.

C. Magnetic structure of Mn(2-pzc),

We now turn to neutron powder diffraction measure-
ments to investigate the microscopic magnetic spin structure.
Diffraction patterns were collected at 1.5 K and 20 K using
the 2.41 A wavelength, see Fig. 5(a). The high Q scattering

—_
Q
-

—+— 15K
—— 20K

1600

Intensity
(arb. units)

1400

1200

1000
800+ ]

Intensity (arb. units)

600+

0 1 2 3 4
Q (A1)

T
R

601 —— 1.5 Kminus 20 K

40

20

Intensity (arb. units)

_20 ]

—40+ . . . |
0.0 0.5 1.0 1.5 2.0

Q (A

FIG. 5. (a) Neutron powder diffraction data collected at 1.5 K
and 20 K. Inset: Intensity at Q = 0.65 A as a function of temperature
through the magnetic transition. (b) Difference of intensity at 1.5 K
and 20 K in the powder diffraction data.

is unchanged, indicating no structural symmetry change. The
low Q behavior below 2 A~1!, however, reveals additional
intensity in the form of Bragg peaks. These can be assigned to
magnetic ordering, with the width of the new magnetic peaks
the same as the nuclear peaks, indicating long-range magnetic
order at 1.5 K. The change in scattering is emphasized in the
temperature difference plot in Fig. 5(b).

The intensity of the peak at Q = 0.6510%“, which has no
observable nuclear contribution at 20 K, was measured as
a function of temperature to follow the onset of magnetic
ordering, see inset Fig. 5(a). Increased scattering is observed
at 5 K, which corresponds to the broad peak in magnetic
susceptibility. This increases until it becomes saturated below
3 K. This measurement was exclusively of the intensity at
Q=0.65 A", It did not allow for a measurement of the peak
width, therefore it is not possible to distinguish between short-
or long-range order scattering. Since any diffuse scattering
intensity will be small, it would be of interest for future studies
to measure deuterated powder or larger single crystals to fur-
ther investigate the potential short-range order in Mn(2-pzc),
through this transition.

At 1.5 K, Mn(2-pzc), is in the long ranged magnetically
ordered state. The measured magnetic Bragg peaks can all
be indexed with a k=(0,0,0) propagation vector. Starting
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FIG. 6. Refinement of neutron powder diffraction data with A = 2.41 A collected at 1.5 K using the magnetic space group P2,’/c with
(a) moments along all (m,, m;,, m,) directions, (inset) magnetic structure, and (b) moments only along m, (inset) magnetic structure. The
moments are shown as red arrows on the Mn ions, the nearest-neighbor dimer bonds are blue and the next-nearest-neighbor bonds are the
dashed lines. The grey box represents the magnetic unit cell. (c) View of the 2D layers along the a axis. The red/black circles correspond to

up/down spin directions on the Mn ion.

from the paramagnetic space group of P2;/c and using the
determined propagation vector gives four irreducible repre-
sentations (IRs) in a representational analysis approach or,
equivalently, four maximal magnetic space groups. The mag-
netic space groups are P2;/c (No. 14.75), P2,’/c (No. 14.77),
P2;/c’" (No. 14.78), and P2’ /¢’ (No. 14.79). The correspond-
ing IRs T'y, T, I's and T4, in Kovalevs representation, are
shown in Table II and the basis vectors for these are in
Table III.

For all candidate models, there are symmetry-allowed
spin components along all crystallographic directions

(m,, my, m.). The data was refined against all four can-
didate magnetic models. Only magnetic space group
P2, /¢ (No. 14.77) (T'4) was able to reproduce the intensity
of all observed magnetic reflections. Allowing the moments to
refine freely gave (m,, m,, m.) = (4.363(101), 1.261(562),
1.532(237)) and total moment 4.3(2) pg/Mn**, which is re-
duced but nevertheless close to the full spin fora S = 5/2 ion
of 5 up. The refinement and corresponding spin structure are
shown in Fig. 6(a), with x2 =1.76 and Ry, = 6.15. Confin-
ing the spins to only have a component along the a axis gives
an equivalently good refinement, as can be seen in Fig. 6(b),
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TABLE II. The point symmetry and magnetic space group for
the space group P2;/c with k = (0,0, 0). The decomposition of
the magnetic representation for the Mn site (0.510, 0.134, 0.598) is
wag = 30 + 30 4 3T + 304,

IR BV Point group Magnetic space group
r Y 2/m P2, /c (No. 14.75)
2 2/m P2, /c (No. 14.75)
V3 2/m P2, /c (No. 14.75)
I, Yy 2/m P2,/c (No. 14.78)
¥s 2/m P2,/c (No. 14.78)
Ve 2/m P2,/c (No. 14.78)
I3 ¥7 2/m P2/ (No. 14.79)
¥ 2/m P2//c (No. 14.79)
Yo 2/m P2y /¢ (No. 14.79)
Ty Yo 2/m P2/ /c (No. 14.77)
Y 2/m P2\ /c (No. 14.77)
Yin 2/m P2/ /c (No. 14.77)

with x*>=1.75 and R,,, = 6.09. The corresponding moment
is slightly increased and closer to the full S =5/2 values
with (mg, my, m:) = (4.47(9), 0, 0) and total moment 4.47(9)
wz/Mn**. Allowing the spins to only be constrained to either
the b or ¢ axis could not fully account for the data. These
results confirm the S = 5/2 nature of the Mn ion, however, the
reduction in moment may be a consequence of the extended
nature of the Mn-Mn exchange pathways leading to a degree
of moment delocalization onto the surrounding ligands.

The spin behavior in the 2D layer can be visualized in
Fig. 6(c). Black/red correspond to up/down Mn moments.
The magnetic structure of Mn(2-pzc), has antiferromagnetic
dimers of Mn-Mn ions. Each next nearest neighbor Mn-Mn
interaction in the layer is also antiferromagnetic. Despite the

TABLE III. Basis vectors for the space group P2,/c with k =
(0,0, 0). The decomposition of the magnetic representation for the
Mn site (0.510, 0.134, 0.598) is 'y, = 30"} + 33 + 303 4 3T.
The atoms of the nonprimitive basis are defined according to 1:
(0.510, 0.134, 0.598); 2: (0.490, 0.634, 0.902); 3: (0.490, 0.866,
402); 4: (0.510, 0.366, 0.098).

BV components

IR BV Atom mq mp me
I, Yo 1 1 0 0
2 1 0 0

3 -1 0 0

4 -1 0 0

Y 1 0 1 0

2 0 -1 0

3 0 -1 0

4 0 1 0

Vi 1 0 0 |

2 0 0 1

3 0 0 -1

4 0 0 -1

large Mn-Mn distance of > 10 A three-dimensional long-range
order occurs, with the nearest neighbor Mn-Mn interlayer
correlation being ferromagnetic. The large Mn moment of
S = 5/2 is likely a driving factor in realizing long range order.

To induce further interesting behavior in Mn(2-pzc), and
related materials, it will be of interest to reduce the mo-
ment size down to § = 1/2 to enhance quantum phenomena.
This will be of particular interest with the dimer and 2D
hexagonal layers that are hosts to exotic physics. As one ex-
ample, the Mn(2-pzc), structure can be considered a distorted
Shastry-Sutherland lattice [27,28]. Removing or controlling
this distortion may provide routes to investigate this physics
in MOFs and allow for a wider phase space of materials than
the currently limited candidates.

IV. CONCLUSIONS

Mn(2-pzc), (C1oHsMnN4Oy4) has been investigated with
magnetic susceptibility, heat capacity, and neutron powder
diffraction. The magnetic susceptibility and heat capacity col-
lectively indicate development of short-range order at 5 K that
proceeds the long-range magnetic phase transition at 3.2 K in
zero field. The applied field measurements show anisotropic
behavior with a field-driven anomaly above 2 T. Moreover,
heat-capacity measurements in fields above 2 T reveal two
observable anomalies with a small temperature window of
~0.5 K. Neutron powder diffraction was able to determine the
magnetic structure in this undeuterated material. Following
a symmetry analysis, only a single magnetic space group,
P2y'/c (No. 14.77), was found to be consistent with the data.
The analysis revealed the moments primarily aligned along
the a axis, which is out of the 2D layers. These moments
form antiferromagnetic dimers that are linked within a wider
distorted hexagonal network. In general, the results show that
coordination polymers or, equivalently, magnetic MOFs with
both organic and inorganic building blocks offer unique ma-
terial avenues to explore tailored structural motifs due to the
versatility and predictability of organic chemistry.
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