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Materials with one-dimensional (1D) chains of magnetic ions with reduced spin provide a platform for en-
hanced quantum behavior. Coordination polymers, or equivalently magnetic metal-organic frameworks (MOFs),
with both organic and inorganic building blocks offer the ability to design these tailored structural motifs due to
the versatility and predictability of organic chemistry. Here we focus on a series of compounds M (N, Hs),(SO,),,
where M is the transition metal ion Cu®>*, Co?*, or Mn?*, that forms isolated 1D spin chains within the bulk
crystalline lattice. The behavior of the S = 1/2 Cu compound is compared with higher spin Mn and Co based
materials through low temperature elastic and inelastic neutron scattering measurements. These provide insights
into the magnetic interactions and structure in these materials. In addition, polarized neutron powder diffraction
measurements were utilized to determine the site susceptibility tensor in all compounds that provides further

insight into the magnetic interactions.
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I. INTRODUCTION

Coordination polymers with both organic and inorganic
building blocks offer the ability to design and synthesize
tailored structural motifs by utilizing the versatility and pre-
dictability of organic chemistry [1-5]. Considering current
research in condensed matter physics there is a particular fo-
cus on reduced dimensionality and reduced spin as promising
mechanisms to enhance quantum behavior. Therefore, suit-
ably chosen coordination polymers, or equivalently magnetic
metal-organic frameworks (MOFs), can offer promising mate-
rial design routes to create model systems in which quantum
behavior can be investigated. In particular, the tunability of
MOFs offers options for magnetic metal ions to be added to
well isolated 2D layered and 1D chain coordination structures.
The ability to control the spacing of the layers or chains,
structural motif, and potentially introduce hybrid functionality
on the organic linkers affords multiple intriguing research
avenues for magnetic coordination polymers in the realm of
quantum materials.

One such low-dimensional series of materials is the metal
hydrazinium sulfates M (N,Hs),(SOy4),, where M is a tran-
sition metal ion. Members of the series were synthesized as
early as the 1800’s, with the 1D chains being the driving in-
terest in most subsequent studies [6—12]. The crystal structure
consists of 1D chains of magnetic ions along the a axis within
a three-dimensional crystal structure (see Fig. 1). There is a
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crossover from 3D to 1D magnetic behavior as a function
of temperature and field that points to interesting quantum
phenomena in Cu(N;Hs),(SO4), [12]. The crystal symmetry
of the series M(N,H5)>(SO4)» M = Co, Ni, Zn, Cr, and
Cu) was investigate in Ref. [13] and shown to all be triclinic,
with some small deviations of the lattice constants. The series,
therefore, offers a route to compare the effect of altering the
magnetic ion and consequently the spin, within a controlled
and essentially unaltered low-dimensional environment.

The degree to which the magnetic ions in
M (N,H5)2(SO4), can be considered 1D has been examined
through various measurements in the literature. Magnetic
susceptibility measurements were performed, along with
ESR, on Mn(N,Hs),(SOy4), to probe the inter and intrachain
interactions [8]. Specific heat studies were undertaken down
to 1.5 K [14]. Fe(N,Hs)2(SO4), was probed with Mossbauer
[9], indicating a 1D regime of AFM interactions preceding
a transition to 3D magnetic ordering. These findings are
consistent with the broad peak in heat capacity followed
by a lambda-like anomaly, consistent with low-dimensional
behavior. The magnetic susceptibility of M (N;Hs),(SO4)
(M = Ni, Mn, Fe, Co, Ni, Cu) shows a broad anomaly
and negative Curie-Weiss temperatures, indicating AFM 1D
chains [7,8].

The magnetic structure has not been experimentally de-
termined in any of the members of M(N;Hs),(SO4), and
the exchange interaction energies have only been extracted
from bulk measurements of heat capacity and suscepti-
bility. Here, we focus on M(N,Hs),(SO4), (M = Cu**,
Co?*, Mn?") and perform detailed powder neutron scattering
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FIG. 1. Crystal structure of M (N,Hs),(SO4), (M = Mn, Co, Cu)
with space group P1 (#2). The unit cell is shown by the solid lines.
The magnetic M ions form 1D chains along the a axis.

measurements including neutron diffraction, powder neutron
polarized diffraction (PNPD), and inelastic neutron scattering.
This allows a microscopic picture to be developed of the mag-
netism in these materials. A consideration when performing
neutron scattering on magnetic MOFs that contain hydrogen is
the large incoherent scattering from hydrogen. This introduces
an increase in the background that can obscure weak signals.
We therefore performed deuteration for Cu(N;Hs)>(SO4), to
produce Cu(N;Ds)>(SO4),. However, we were able to extract
magnetic signals in the undeutereated Mn(N;Hs)2(SOy4),.
Deuteration routes for Co(N,Hs),(SO4), were not attempted,
however as we show the sensitivity of PNPD was leveraged
to measure the magnetism. The neutron powder diffraction
measurements allowed a determination of the crystal struc-
tures to low temperatures, as well as the magnetic structure of
Mn(N;Hs),(SO4),. An applied field transition was observed
in Mn(N,Hs),(SO4), at low fields of 2 T, indicating the
ease with which the spins can be tuned. Polarized neutron
powder diffraction was used to determine the local magnetic
site susceptibility tensor, which gave insight into the change
in anisotropy between Cu(N;Hs)2(SO4),, Co(N2Hs)2(SO4)s,
and Mn(N,Hs),(SO4),. We note that the increased sensitiv-
ity of the half-polarized technique allowed magnetic signals
to be observed in all M(N,;Hs),(SO4), samples, even those
containing hydrogen. Despite not being able to resolve any
magnetic Bragg peaks for the Cu(NyHs),(SO4), sample, in-
elastic neutron scattering measurements revealed increased
inelastic scattering consistent with magnetic excitations at low
temperature. A minimal model spin Hamiltonian allowed an
estimation of the exchange interactions, with dominant inter-
actions in the 1D chain.

II. METHODS
A. Synthesis

All the reactions were performed using stoichiometric re-
actions between the transition metal sulfate and the hydrazine
sulfate. Metal sulfate and hydrazine sulfate were dissolved
in hot deionized water separately. Then the hydrazine sul-
fate solution was added to the metal sulfate solution while
mixing. After mixing the solution for 3-5 minutes, it was
cooled down in an ice bath to afford to precipitate the
target product. The precipitate was separated using suction
filtrate and washed with deionized water and ethanol. Fi-
nally, the powder sample was dried at 50 °C for 12 hrs. For
Mn(N;Hs)2(SO4)2: MnSO4 4H,0 (2.2306 g) and N,HeSO4
(1.302 g); Co(N;Hs)2(SO4),: CoSO4 7TH,0 (2.8111 g) and
N2H6SO4 (1302 g); CU(N2H5)2(SO4)22 CUSO4 (1596 g) and
N>HeSO4 (1.302 g) were used. The deuterated sample of
Cu(N,Ds)»(SO4), was synthesized using anhydrous CuSOy
and N,DgSO4. Herein, both chemicals were dissolved in D,O
and the final product was washed by using deuterated ethanol.
The sample purity of the powder sample were checked using
powder x-ray diffraction, PANalytical XPert Pro MPD diffrac-
tometer with Cu K1 radiation (A = 1.5418 A).

B. Magnetic property characterization

Temperature-dependent and field dependent magnetic sus-
ceptibility measurements were performed using a Quantum
Design Magnetic Property Measurement System (MPMS).
Powder samples were pressed into a 1/8-inch pellet and af-
fixed to a quartz rod using GE varnish. The total mass of the
samples were 8—10 mg. The temperature dependent magneti-
zation measurements were carried out using these pellets from
2 to 350 K in an applied magnetic field of up to 50 kOe.
Additionally, isothermal magnetization measurements were
performed between 2 and 100 K up to a 60 kOe magnetic field.
The heat capacity (Cp) of the sample was measured using
a Physical Property Measurement System (PPMS) between
2 and 50 K under 0 and 110 kOe applied magnetic fields.
Heat capacity of the Cu(N;Ds),(SOy4), was measured down
to 0.4 K.

C. Neutron powder diffraction

Neutron powder diffraction measurements were carried out
on the HB-2A powder diffractometer at the High Flux Isotope
Reactor (HFIR), Oak Ridge National Laboratory (ORNL)
[15,16]. Hydrogen based materials present an extra challenge
for neutron scattering by both adding to the neutron absorption
and creating an increased background from incoherent scatter-
ing. These effects can be easier to account for with constant
wavelength instruments due to the simpler data correction. A
germanium monochromator was used to select a wavelength
of 2.41 A from the Ge(113) reflection and 1.54 A from the
Ge(115) reflection. The premono, presample, and predetector
collimation was open-21'-12'. A pyrolytic graphite (PG) filter
was placed before the sample to remove higher order reflec-
tions for the 2.41 A wavelength. The samples were contained
in a 6-mm-diameter vanadium can and cooled in a liquid
*He cryostat with an in situ 3-sample changer stick in the
temperature range 1.5 K to 300 K. The Cu(N;D5),(SO4), and
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Co(N,H5)2(SO4), samples were also measured to 0.3 K in a
ultralow temperature multisample changer that can hold up to
six samples. For these measurements the samples were loaded
in Al cans with an overpressure of helium exchange gas of
10 atm. to facilitate cooling of the powder to base temperature.
The diffraction pattern was collected by scanning a 120° bank
of 44 *He detectors in 0.05° steps to give 20 coverage from 5°
to 130°. Rietveld refinements were performed with Fullprof
[17]. Symmetry allowed magnetic structures were consid-
ered using both representational analysis with SARAh [18]
and magnetic space groups with the Bilbao Crystallographic
Server [19].

D. Polarized neutron powder diffraction

Polarized neutron powder diffraction (PNPD) was per-
formed on the HB-2A powder diffractometer using the 2.41 A
wavelength [16]. A supermirror V-cavity was placed in the
incident beam to select and transmit one polarization state.
A guide field “flipper” after the V-cavity allows the polar-
ization state of the beam to be controlled between spin-up
and spin-down states. The sample, in pressed pellet form, was
contained within a vertical field asymmetric cryomagnet. It
has been shown in Refs. [20,21] that the local site susceptibil-
ity tensor can be determined from measurements of a sample
in an applied field in the linear M/H regime by taking the
difference of diffraction patterns measured with an incident
beam with spin-up and then spin-down. Such measurements
were taken on M(N,Hs5),(SO4), (M = Cu, Co, Mn) above
any magnetic long-range ordering in applied fields of 2.5 T to
3 T. This linear regime is satisfied for a wide temperature and
field range in all the samples, as we show in magnetization
measurements.

E. Inelastic neutron scattering

Inelastic neutron scattering (INS) measurements were
performed on the time-of-flight direct geometry Hybrid Spec-
trometer (HYSPEC) at the Spallation Neutron Source (SNS).
Measurements were taken at 0.3 K, 3 K, and 10 K using a 3He
insert in a “He cryostat. An incident energy of E; = 3.8 meV
was select with a 360-Hz Fermi chopper giving a resolution
of 0.09 meV at the elastic line. Analysis of the magnet ex-
citations was performed with linear spin-wave theory using
SpinW [22].

III. RESULTS AND DISCUSSION

A. Crystal structure of M(N,Hs),(SO4),

We began with probing the crystal structure of
Mn(N2H5)2(SO4)2, Co(N2Hs)2(SO4)2, and  Cu(NzDs),
(S0O4), with neutron powder diffraction, see Figs. 2(a)-2(c).
For Mn(N>H5),(SO4), and Co(N,H5),(SO4), the increased
background and Q dependence from hydrogen is evident;
however, the structural Bragg peaks are clearly resolved
above this background. The effectiveness of deuteration is
evident in Cu(N;Ds5),(SO4), through the observation of a
decreased and flat background.

Refinements for Cu(N,;Ds5)>(SO4)2, Mn(N,Hs),(SO4),,
and Co(NyHs)>(SO4), are shown in Fig. 2 and the refined
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FIG. 2. Refinement of neutron powder diffraction data taken
on the HB-2A diffractometer for (a) Mn(N;Hs),(SOy4), at 20 K,
(b) Co(N,H5)2(S0O4), at 1.5 K and (c¢) Cu(N;Ds),(SO4), at 0.3 K.
The lower tick marks in the Cu(N,Ds ), (SO, ), refinement correspond
to reflections from the Al sample holder.

parameters are in Tables I, II, and III. Due to the large num-
ber of variables the thermal parameters were fixed in the
refinements. All compositions were fit with the low symmetry
triclinic P1 (#2) space group, consistent with previous reports
in the literature [13,23]. In this centrosymmetric structure the
metal ion is coordinated by four oxygen ions from four differ-
ent SO4 groups and by two N, Hjs, together forming a distorted
octahedral coordination. The 1D chains are formed by the SO4
group bridging between two adjacent metal ions, see Fig. 1.
This system has a linear 1D chain along the direction of the
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TABLE 1. Refined crystal structure parameters for
Mn(N,;Hs),(SO4), at 20 K for space group P1 (#2) with lattice
constants a = 5.395(51) A, b = 5.858(6) A, ¢ = 7.399(7) A,
a =92.67(5)°, 8 = 104.38(4)°, y =99.21(5)°.

TABLE 1II. Refined crystal structure parameters for
Cu(N;D5),(SO4), at 0.3 K for space group P1 (#2) with lattice
constants a = 5.394(4) A, b = 5.647(4) A, ¢ = 7.142(5) A,
a =90.54(4)°, B = 104.31(6)°, y = 97.20(4)°.

Atom X y Z Site Atom X y Z Site
Mn 0.5 0 0.5 1f Cu 0.5 0 0.5 Lf
S 0.136(4) 0.255(4) 0.711(3) 2i S 0.177(3) 0.257(3) 0.732(2) 2i
(0] 0.127(2) 0.774(2) 0.406(1) 2i (0] 0.096(2) 0.758(2) 0.419(2) 2i
0] 0.339(2) 0.277(2) 0.602(2) 2i 0] 0.363(2) 0.267(2) 0.616(2) 2i
(0] 0.164(3) 0.047(2) 0.831(1) 2i o 0.173(2) 0.037(1) 0.849(1) 2i
(0] 0.811(2) 0.535(2) 0.152(2) 2i (0] 0.809(2) 0.539(2) 0.153(1) 2i
N 0.435(2) 0.188(1) 0.231(1) 2i N 0.432(1) 0.170(1) 0.252(1) 2i
H 0.371(3) 0.068(3) 0.120(2) 2i D 0.387(2) 0.057(2) 0.125(2) 2i
H 0.606(4) 0.280(4) 0.236(3) 2i D 0.611(2) 0.290(2) 0.238(1) 2i
N 0.233(1) 0.329(1) 0.215(1) 2i N 0.220(1) 0.330(1) 0.227(1) 2i
H 0.208(5) 0.393(4) 0.087(3) 2i D 0.222(3) 0.420(2) 0.099(1) 2i
H 0.072(4) 0.231(3) 0.221(2) 2i D 0.054(2) 0.205(2) 0.213(1) 2i
H 0.300(5) 0.444(5) 0.330(4) 2i D 0.288(3) 0.429(2) 0.355(2) 2i

SOi_ bridging linkers. Thga distance between the magnetic
ions in the chains is ~5.4 A, precluding direct exchange, in-
stead requiring superexchange throughM — O —S — O — M.
The interchain distance is only slightly larger at ~5.8 A;
however, they are linked by weaker van der Waals bonding
between the terminal N,Hs and SO, groups, which is expected
to lead to weaker magnetic interactions. The further metal-
metal distance along the ¢ axis is appreciably larger at 7.4 A.
Consequently the magnetic interactions in the 1D chains along
the a axis are expected to be significantly larger than those
between the chains. This was supported by the early analysis
in the literature [8].

B. Magnetic ordering in M (N,Hs),(SO4),
1. Mn(N,Hs),(S04):

Mn(N;H5),(SO4), has the largest spin per magnetic site
and so is the starting point for considering the magnetism. Fit-

TABLE 1II. Refined crystal structure parameters for
Co(N,Hs)2(SO4), at 1.5 K for space group P1 (#2) with lattice
constants a = 5.311(4) A, b = 5.807(4) A, ¢ = 7.324(5) A,
a =91.84(5)°, B = 105.65(4)°, y = 98.82(5)°.

Atom X y Z Site
Co 0.5 0 0.5 1f
S 0.148(4) 0.245(3) 0.713(3) 2i
(0] 0.136(2) 0.778(2) 0.406(1) 2i
0] 0.342(2) 0.271(2) 0.600(1) 2i
0] 0.153(2) 0.042(2) 0.834(1) 2i
(0] 0.798(2) 0.534(2) 0.156(1) 2i
N 0.431(1) 0.177(2) 0.240(1) 2i
H 0.380(3) 0.068(3) 0.130(2) 2i
H 0.615(3) 0.283(2) 0.230(2) 2i
N 0.242(1) 0.328(1) 0.218(1) 2i
H 0.243(3) 0.406(3) 0.095(2) 2i
H 0.082(3) 0.232(2) 0.223(2) 2i
H 0.322(3) 0.466(2) 0.339(2) 2i

ting the magnetic susceptibility to the Curie-Weiss law gives
an effective moment of 65 /Mn ion with a Weiss constant of
—13 K, indicative of antiferromagnetic interactions, as shown
in Fig. 3(a). The zero-field heat capacity has a broad feature
that develops below 10 K with a sharp anomaly around 2 K
[Fig. 3(d)]. There is a corresponding anomaly in the magneti-
zation at 2 K. This behavior is indicative of the development
of short-range correlations before a transition to long-range
magnetic ordering.

Comparing neutron powder diffraction measurements of
Mn(N;Hs),(SO4); at 1.5 K and 20 K shows the development
of additional reflections that indicate long-range magnetic
order, see Fig. 4. Measuring the temperature dependence of
the intensity of the strongest Bragg reflection at Q = 0.65 A~
shows a sharp onset of intensity and fitting this to a power
law indicates a transition around 2.4(3) K. This is consistent
with the temperature of the sharp anomaly in the heat capacity
of Mn(N,Hs),(SO4), around 2 K in Fig. 3(d). The magnetic
reflections can be indexed to a k = (0.5, 0, 0.5) propagation
vector. There is only one allowed magnetic space group P;1
(#2.7) based on this propagation vector and paramagnetic
space group. The magnetic moment direction is not con-
strained within this magnetic space group, with symmetry
allowed moments along the a, b, and ¢ axis. Before refining
the data to determine the spin direction, a consideration of
the propagation vector k = (0.5, 0, 0.5) and peak intensities
indicates spins primarily along the b axis and antiferromag-
netic ordering along the a and ¢ axis to give the required
magnetic cell doubling in those directions. Refinement of the
data gives the magnetic structure shown in Fig. 4(d), where the
spins form AFM 1D-chains along the a axis with an ordered
moment size of 3.2(1) ug/Mn ion. Refinements indicate that
the m, and m, components are almost null within the mea-
surement uncertainty.

To further probe the magnetic order with neutron diffrac-
tion in Mn(N,Hs5),(SO4), a magnetic field up to 5.5 T was
applied at 1.5 K. As shown in Figs. 4(e) and 4(f) the in-
tensity of the (001) reflection increases while (0.5,0,-0.5)
intensity decreases, with a crossover above 2 T. This is
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FIG. 3. Magnetization measurements for (a) Mn(N,Hs),(SO4),, (b) Co(NyHs),2(SO4)s, and (¢) Cu(N,Ds),(SO4),. The solid line is a fit to
the Curie-Wiess law, with values used for . and 6y shown. Heat capacity measurements for (d) Mn(N,Hs),(SOy),, (e) Co(NyHs)2(SO4)s,
and (f) Cu(N;Ds5),(SOy), under various applied fields. All samples show a broad feature at low temperature, indicative of low-dimensional
correlations. M/H measurements at select temperatures for (g) Mn(N;Hs),(SO4 )1, (h) Co(NyHs),(SO4)2, and (i) Cu(N;Ds)2(SO4)s.

consistent with a change from AFM to spin-polarized FM
ordering in the paramagnetic regime under applied magnetic
field.

2. Co(N2H5)2(504),

The high temperature magnetic susceptibility for
Co(N,yH5),(SOy4), follows Curie-Weiss behavior, with an
effective moment of 4.5 ug/Co ion and a large negative
Weiss temperature of —29 K. For Co(N;Hs)>(SO4), there
is an indication of a downturn in the M/H curve, Fig. 3(b),
however the heat capacity does not show any corresponding
sharp anomaly above 2 K. Instead there is a broad feature
that would indicate short-range correlations. The larger Weiss
temperature and suppressed ordering temperature compared
to Mn(N,Hs5),2(SO4), potentially places Co(N,Hs),(SOq4);
closer to the ideal 1D limit.

The effective magnetic moment of Co>" is normally higher
than the spin only value of Co*t with S =3 /2, (i.e., Wer =
3.8ug). This could be due to the significant orbital contri-
bution since orbital moments are unquenched for Co’t in

octahedral environment (tzsgez, S =3/2,L = 3). However, it is
important to highlight that at lower temperatures the ground
state of a distorted octahedral Co’* is a Kramers doublet.
Therefore, at lower temperatures the magnetic properties of
Co**t is determined by the lowest Kramers doublet Joir = %
The effective spin-1/2 ground state at lower temperatures has
been reported in many Co’*-triangular magnetic materials.
The spin state of Co(N;Hs),(SO4), was considered in the
literature and proposed to be J. = % based on specific heat
results and crystal field arguments [8,14]. The presence of
such a state in Co?* can be confirmed by measuring crystal
field excitations using high-energy inelastic neutron scattering
[24-26].

From neutron powder diffraction measurements, carried
out down to 0.3 K, no long-range magnetic ordering was
observed. We stress this lack of ordering could readily
be explained by the background scattering from hydrogen
obscuring the magnetic reflections. We discuss polarized mea-
surements in Sec. III C; however, it will be of interest to
explore routes to deuterate the material to further investigate
any low-temperature ordering.
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FIG. 4. (a) Neutron diffraction measurements on

Mn(N,H;5),(SO4), at 1.5 K and 20 K. (b) Intensity at Q =
0.65 A= from 1.5 K to 10 K. The solid line is a fit to a power
law. (c) Refinement of the crystal and magnetic structure at 1.5 K.
(d) Magnetic structure with spins represented as arrows. Change in
intensity with applied magnetic field for the (e) (0.5,0,-0.5) and (f)
(001) reflections. The line is a guide to the eye indicating a field
induced transition H, > 2 T.

3. Cu(N:D5)2(SO4)2

We now turn to the S = 1/2 Cu(N;Hs)>(SOy4),, for which
a magnetic phase diagram was proposed in the literature
based on magnetic susceptibility and specific heat measure-
ments [12]. This indicated 1D ordering developing below 2 K
with long-range antiferromagnetic order below 1 K, in zero
field. We synthesized a deuterated sample, Cu(N;Ds)>(SO4),,
and performed similar magnetic susceptibility and specific
heat measurements, see Figs. 3(c) and 3(f). The behavior of
Cu(N;D5),(S0y4); is consistent with Cu(NyHs),(SO4),, with
a broad feature centered around 2 K in the heat capacity
suggesting 1D correlations and then a sharp anomaly below
1 K indicating long-range ordering.

To uncover any long-range ordering we performed neutron
powder diffraction down to 0.3 K; however, no additional
magnetic scattering was observed in the diffraction data.
Given the small S = 1/2 moment and potential for quantum
fluctuations in this low-dimensional material the lack of any
signal is not direct evidence of no long-range magnetic order-
ing. We investigate this further with both PNPD and inelastic
neutron scattering.

Mn(N,H;),(SO,),

PM

Co(N,H¢),(S0,),

PM

Cu(N,Ds),(S0O,),

o 2 4 6 8 10
T (K)

FIG. 5. Phase diagram for (a) Mn(N,H;s),>(SOy4),,
(b) Co(N;H5)2(SO4),, and (c) Cu(N;Ds),(SOy),. The regions of
long-range order (LRO), short range order (SRO) and paramagnetism
(PM) are shown, as determined from heat capacity (right triangles),
magnetic susceptibility (left triangles) and neutron diffraction (down
triangles with white filling).

4. Phase diagrams for M (N,Hs),(SOy),

Magnetic phase diagrams for M(N,Hs)>(SO4), are shown
in Figs. 5(a)-5(c). These are determined based on anoma-
lies in the heat capacity, susceptibility, and neutron scat-
tering data that indicate magnetic phase transitions. The
broad curves in the heat capacity are indicative of short
range order and the sharper features indicate long-range

124407-6



MAGNETIC INTERACTIONS IN THE ONE-DIMENSIONAL ...

PHYSICAL REVIEW MATERIALS 6, 124407 (2022)

ordering. The phase diagram for Cu(N,;Ds),(SO4),, Fig. 5,
is consistent with that reported for Cu(N;Hs),(SOy4), in
Ref. [12], indicating that the deuteration does not impact the
magnetism. For Mn(N;Hs),(SOy4); and Cu(N;Ds),(SO4),
regions of long-range order are reported based on the po-
sition of the sharp anomaly in the heat capacity. We stress
that from neutron scattering long-range order was only ob-
served in Mn(N,Hj5),(SO4), and not Cu(N,D5),(SO4),. For
the case of Co(N;Hs)2(SO4), heat capacity and magnetic
susceptibility was only measured to 2 K. The heat capacity
for Co(N,Hs),(SO4), showed no sharp anomaly, just a broad
peak indicative of short range order. The low-temperature neu-
tron scattering data from 0.3 K to 2 K for Co(N;Hs),(SO4);
observed no ordering, however since we cannot rule out a
weak signal being beyond the limits of the measurement no
phase diagram is reported below 2 K for Co(N;Hs),(SO4),.

C. Local site susceptibility tensor with polarized neutron
powder diffraction

We extended our neutron powder diffraction measurements
by performing PNPD to determine the atomic site suscep-
tibility tensor of the magnetic ions. This can be done in a
neutron diffraction experiment by measuring the change in the
intensity of the diffraction pattern for a sample in an applied
magnetic field as the incident neutron polarization state is
either parallel (/) or antiparallel (/_) to the applied field
direction. The technique is described in detail in Refs. [20,21].
The flipping difference method is used here, with the intensity
difference given by

Iy — I o 2R[Fy (Fy 1 - P)], ey

where Fy and Fj; are the nuclear and magnetic structure
factors and P is the polarization value of the incident beam.
Angular brackets account for the powder averaging. This rela-
tionship reveals that the difference signal is only observed in
PNPD when there is a magnetic signal and also that the signal
is enhanced at larger nuclear reflections.

The magnetic structure factor is given by Fy(Q) =
> .mif,,(Q)exp(iQ.r;), where the sum is over the unit cell,
fn(Q) is the magnetic form factor and myj; is the magnetic mo-
ment on atom i. m; in a magnetic field satisfies the behavior,

B X1 X1z X13
Xi= il PR N (2)
! X13 X23 X33

The site symmetry determines the allowed nonzero tensor
components. The CrysPy software was utilized to refine the
PNPD data and extract x; [21].

For the above PNPD discussion to be valid the
sample should have a net moment and be in the
linear M/H region, which is satisfied for a large phase
space of Mn(N;Hs5)2(SO4),, Co(N;Hs)2(SOy4),, and
Cu(N,D5)>(SOy4), in Figs. 3(g)-3(i). The PNPD methodology
can therefore provide insights into materials beyond
traditional neutron diffraction and the measurement is
highly sensitive to even weak magnetic signals below 0.1 up.
Consequently, as we will show, we were able to extract
magnetic signals for all three M(N;Hs),(SO4), materials.
Due to the number of variables we found that refining the

(a)

Intensity (arb. units)

(b)

Intensity (arb. units)

Intensity (arb. units)

1.5 2.0 25 3.0
Q (A)?

FIG. 6. Polarized neutron powder diffraction measurements
on the HB-2A diffractometer. Difference measurements of
I, — I for (a) Mn(N;Hs)2(SO4),, (b) Co(NyHs)>(SO4),, and
(c) Cu(N;D5),(SOy4), and refined fit using a site susceptibility
model. The magnetization ellipsoid representation of the local site
susceptibility for the (d) Mn ion, () Co ion, and (f) Cu ion.

PNPD data using more than the transition metal ions did not
produce an improved fit. However, the extended nature of
the bonds make it of interest to consider the extension of the
magnetization in general in magnetic MOFs using PNPD to
the anions.

1. Mn(N,;Hs),(SO4)

As shown with unpolarized neutron diffraction
Mn(N;H5),(SO4), hosts long-range magnetic order below
2 K (Fig. 4). We therefore performed the PNPD measurements
above the transition at 5 K and 2.5 T, in the paramagnetic
regime (see phase diagram in Fig. 5). As shown in Fig. 3(g)
this is in the required linear M/H region. The difference of
spin-up and spin-down (I — I_) incident polarized neutrons
is shown in Fig. 6(a). The low symmetry of the magnetic ion
in M(N;Hs)>(SOy), results in all six x terms being allowed
(3 diagonal and 3 off-diagonal). However, there was a strong
correlation between the terms and identical results were
obtained using an isotropic susceptibility tensor compared to
using all the variables in the full matrix tensor. Consequently
we proceed with an isotropic model and the best fit to the
data using the CrysPy software is shown in Fig. 6(a). The
eigenvalues of the susceptibility tensor are the diagonal values
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of 0.25 ugT~!. The corresponding isotropic magnetization
ellipsoid can be visualized in Fig. 6(d). This is consistent with
Heisenberg spins, which is indeed predicted for the Mn ion
[14] and provides an experimental verification from powder
data.

The magnetization tensor, Eq. (2), for Mn in
Mn(N,Hs),(SO4), obtained from refinement of the PNPD
data constrained to isotropic terms was found to be

0.25(3) 0 0
om=| 0 0.25(3) 0 |usT .
0 0 0.25(3)

2. Co(N;H5)>(SOy4),

Co(N,Hs5),(SO4), was measured with PNPD under a 3 T
applied field at 8 K, in the linear M/H region of Fig. 3(h).
Also see the phase diagram shown in Fig. 5 confirming
this is the paramagnetic region. Despite not observing any
long-range order with unpolarized neutrons several reflections
showed a change in intensity for spin-up and spin-down po-
larized measurements, as shown in Fig. 6(b). The difference
data was modeled by refining the susceptibility values. No
strong covariance was found when utilizing the full symmetry
determined anisotropy susceptibility parameters. The magne-
tization tensor, Eq. (2), for Co in Co(N;Hs),(SO4), obtained
from refinement of the PNPD data was found to be

0.183(28)  0.135(20)  —0.067(58)
xco = | 0.13520)  0.0999(65)  0.015(28) |upT".
—0.067(58)  0.015(28)  0.068(31)

Diagonalizing this tensor gives eignevalues 0.029 ugT™!,
0.088ugT~!, 0.291 ugT~!. This reveals anisotropic behavior
indicating the Co spins are Ising like. The magnetization
ellipsoid can be visualized in Fig. 6(e) and shows the mag-
netization is largely confined to the a-b plane and follows
the local Co-O bond direction. The observation of anisotropic
magnetism adds to the previous reports in the literature that
suggested either XY or Ising linear chain models to be appro-
priate for Co(N,Hs)2(SO4),[8,14].

3. Cu(N;Ds),(SOy),

Similar PNPD measurements were performed for
Cu(N,Ds5)>(SOy4),, this time without the added background
from hydrogen due to the deuteration. Despite no diffraction
signal being present with nonpolarized powder diffraction,
well resolved scattering was observed in the PNPD
measurements for spin-up and spin-down (I, — /_) incident
polarized neutrons, shown in Fig. 6(c). These measurements
were taken at 5 K and a field of 2.5 T, within the linear
M/H paramagnetic regime, as shown in Fig. 5 and Fig. 3(i).
The initial refinement was performed with all the x terms as
variables, as determined by the site symmetry. This produced
values of zero within error for off-diagonal terms and closely
related diagonal terms. Consequently, as was done for the
Mn(N,H5)>(SO4),, we limit the analysis to an isotropic
susceptibility tensor and found the best fit to be

0.0364(36) 0 0
Xcu = 0 0.0364(36) 0 I
0 0 0.0364(36)

0 0 0 0
0.5 1 1.5 0.5 1 1.5
QA" QA"

1.5
1
0.5
0
1.5
1
0.5

FIG. 7. Inelastic
Cu(N3D5),2(SO4), using the HYSPEC instrument. Measurements
at (a) 10 K, (b) 3 K, and (c) 0.3 K. Temperature subtracted data for
(d) 3 K minus 10 K, (¢) 0.3 K minus 0.3 K, and (f) 0.3 K minus
10 K.

neutron  scattering measurements  on

The eigenvalues of the susceptibility tensor are the diag-
onal values of 0.0364 ugT~!. The isotropic magnetization
ellipsoid can be visualized in Fig. 6(f) and indicates that Cu*
in Cu(N;Ds),(S04), has Heisenberg spins.

D. Magnetic excitations in Cu(N,;D5),(SOy),

To investigate the exchange interactions and anisotropy
further, we present INS measurements on Cu(N;Ds5)»(SO4);.
The measurements were taken at 10 K, 3 K, and 0.3 K.
This corresponds to the paramagnetic and long-range order
regions of the phase diagram shown in Fig. 5(c). The INS
data is shown in Figs. 7(a)-7(c). The measured low-energy
scattering is dominated by dispersionless features at 0.2 meV
and 0.4 meV. The scattering is present at the same energy
at 10 K, 3 K, and 0.3 K and is assigned to nonmagnetic
vibration modes within the material. There is, however, an
apparent change in the low energy intensity underneath the
vibration modes, which increases in going from 10 K to 0.3 K.
To explore this further Figs. 7(d)-7(f) shows the temperature
difference for the three temperatures collected. The remaining
scattering in the temperature subtracted data has the signatures
of magnetic excitations that develop as the temperature is
decreased. Indeed the observation of scattering at 3 K, above
the expected long-range order transition of 1 K and in the
nominally paramagnetic state, is expected in 1D systems that
have strong interactions within the chain and reduced interac-
tions between the chains. This will lead to low-dimensional
short-range ordering above Ty. In the temperature range 3 K
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to 10 K, shown in Fig. 7(d) there is inelastic scattering indi-
cating correlations. This further develops in the range 0.3 K
to 3 K, Fig. 7(e). We therefore consider the 0.3 K minus 10 K
temperature difference data, Fig. 7(f), as best representing the
inelastic magnetic signal.

To search for static short- or long-range order scatter-
ing we considered the elastic only scattering around E =
0 meV, however, found no clear magnetic Bragg peaks or
diffuse scattering. Consequently Cu(N;Ds),(SO4), appears to
be dominated by dynamic rather than static magnetic correla-
tions.

We proceed under the assumption that the residual scat-
tering from 10 K to 0.3 K corresponds to magnetic excitations
and develop a minimal model spin Hamiltonian to describe the
exchange interaction energy scales. We make the further ap-
proximation, based on the susceptibility data and the ordering
observed in Mn(N;Hs),(SOy),, that the spins form an AFM
1D chain with FM interactions between the chains. Alterna-
tive spin models were attempted, however did not produce
good agreement with the data.

We utilize a linear spin-wave theory approach. Following
the predictions of Heisenberg exchange and the results from
polarized data indicating Heisenberg spins we use the Heisen-
berg Hamiltonian,

H= ZJ,;,-S,A -S; + DZS?, (€)]
ij i,j

where J;; is the exchange interaction between neighbors i and
J. D describes the single-ion anisotropy, which would provide
a route for a spin gap. As discussed below we do not find
evidence for a spin gap and all models presented have D =
0 meV. Further measurements with single crystals or higher
resolution techniques would be of interest to investigate any
potential spin gap.

The magnetic exchange interactions J considered are
shown in Fig. 8(a). The nearest neighbor distance correspond-
ing to the exchange interaction J, is a Cu-Cu distance of
5.39 A forming the 1D chains along the a axis. The next-
nearest neighbor distance J, is 5.65 A between the chains
along the b axis, but as discussed this is expected to have
weaker exchange interactions due to the indirect exchange
pathways. The interaction J, connects the chains along the ¢
axis and is significantly further at 7.14 A.

The exchange interactions were previously considered the-
oretically and from specific heat measurements and reported
as J, = 0.35 meV and a general interchain interaction J' =
0.024 meV [12]. We use these as our starting values and
utilized SpinW to test various combinations of J,, Jp, J;. in an
iterative approach.

These previously proposed theoretical values are shown in
Fig. 8(b). They capture the approximate energy scales of the
INS data reasonable well. For the ideal case of a 1D chain
within this model the J, and J. interaction values would be
negligible and are set to zero. This is shown in Fig. 8(c),
however it provides a poorer model than with finite J, or
J. values, which is expected given the indications of three-
dimensional long-range order from heat capacity. The case
for J, = Jp, given similar Cu-Cu ion distances, is shown in
Fig. 8(d). While it is possible to reproduce similar energy

(a)

(c) J =0.35meV, J,=0 meV J.=0 meV

15

05 1
0.5
0

-0 35meV, J,=-0.024meV J =0 meV

3
£05
[T

—0 2meV, Jb—-o 2meV J —OmeV

E (meV

S
)
E . H
(f) g ]
=15 T — =
i= 15
b |
5 1
© 1
>
505 05
| v
2 9 A
E i 0
0.5 1 1.5 0.5 1 1.5
E (meV) Q(A1)

FIG. 8. (a) Exchange interactions considered in the LSWT model
for the Cu ions in Cu(N,;Ds),(SOy4),. (b) Magnetic excitations for
J, =0.35 meV, J, = —0.24 meV, J. = 0 meV, (¢) J, = 0.35 meV,
J, =0 meV, J. =0 meV, and (d) J, = 0.2 meV, J, = —0.2 meV,
J. =0 meV. (e) 0.3 K—10 K data. The red dashed lines indicate
a region used to perform cuts through the data during the fitting
process. (f) Cut along energy with a constant Q range of 0.55 A~
to 0.65 A~!. The black circles are the data and the red line is the
LSWT simulation. (g) The candidate LSWT model using exchange
interactions of J, = 0.35 meV, J, = —0.06 meV, J. = —0.03 meV.

scales as the data, the overall model does not provide good
agreement for this scenario.

To find exchange interactions values that reproduce the
experimental data we took cuts through the experimental data.
An example is shown in Figs. 8(e) and 8(f). This was a
constant Q cut along energy integrated over the range 0.55—
0.65 A=, A least squares fitting procedure was used on the
1D cuts to extract the exchange interactions that best fit the
data. The fitting of data against the calculated 1D cut was
done outside of SpinW, with all other aspects using SpinW.
Performing these cuts in addition allowed any spin gap or need
for anisotropic term to be considered. Within the statistics of
the measurements no spin gap or improvement to the model
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was found by including an anisotropic term. For a Cu®*, S =
1/2, spin-chain material no quantum spin gap is anticipated
and therefore we proceed under the assumption that any gap
is negligible within the limits of the data collected.

While we cannot uniquely define the exchange values
the closest agreement to the data was obtained with J, >
Jp, J.. Figure 7(h) shows a model simulation that captures
the essential features of the data using J, = 0.5(1) meV, J, =
—0.06(3) meV, and J. = —0.03(2) meV.

We note that the agreement of the model to the data is
not fully complete, with regions of S(Q, w) that show differ-
ences in intensity. This could indicate an incomplete linear
spin-wave model or artifacts from the temperature subtraction.
More intriguingly, however, it could be suggesting the need
for a more realistic model that accounts for the underlying
behavior in this material rather than the semi-classical linear
spin-wave model. We considered the procedure to convert
inelastic powder data into pseudosingle crystal data for 1D
materials, as described in Ref. [27]. No spinon or other sharp
features, however, were evident in this process. This may be a
consequence of the data quality or indicating that the behavior
departing from a 1D approximation. Further measurements,
ideally on single crystals, will be of interest. Based on the INS
measurements presented here Cu(N;Ds),(SOy); is character-
ized by appreciable magnetic excitation intensity but no clear
signal from the magnetic ground state.

IV. CONCLUSIONS

The metal hydrazinium sulfate materials M (N2Hs)>(SO4),
(M = Mn, Co, Cu) have been investigated with neutron scat-
tering measurements and thermodynamic measurements. The
results reveal signatures of 1D spin-chain behavior in all
materials. The dominant interactions are antiferromagnetic
interactions within the chain. This was shown directly with
inelastic neutron scattering on Cu(N;D5),(SO4); that consid-
ered the different exchange interactions.

Mn(N;Hs5),(SO4), was the only material investigated that
showed long-range magnetic order from neutron powder
diffraction and this could be tuned with a small applied field
of 2 T. This indicates the general ease to which the magnetism
can be tuned in magnetic MOFs and points to promising areas
of future investigations.

Co(N,H5)2(SO4), did not yield any magnetic signal in
traditional neutron powder diffraction. However, the use of
PNPD was able to show several well defined peaks that

were analyzed to extract the atomic site susceptibility. The
results showed an anisotropic magnetization on the Co site
with indications of Ising-type interactions in the ab plane. All
measurements on Co(N,Hs),(SO4), were performed on non-
deuterated materials and therefore the results motivate efforts
towards synthesis to produce deuterated Co(N,Hs)2(SO4)s,.

Cu(N,Ds5),>(SO4), revealed no clear indications of long-
range magnetic order down to 0.3 K in neutron diffraction
measurements. The lack of observed magnetic Bragg peaks
may reasonably be explained as being due to the signal being
too low to detect. The observation of a sharp anomaly in the
heat capacity supports long-range order. Despite the lack of
any long-range ordering from neutron scattering there were
measurements of magnetic excitations that developed above
the expected long-range magnetic ordering temperature and
continued to increase at lower temperatures. Consequently the
dynamic rather than static magnetic correlations, in the data
presented, was strongest. This may point to quantum behavior
in this S = 1/2 spin-chain compound and motivate further
measurements. A semiclassical linear spin-wave model was
able to reasonably well reproduce the data and yielded ex-
change interactions that supported the dominant intrachain
interactions.

Collectively, polarized and unpolarized neutron scattering
within all materials revealed unique insights that are applica-
ble to a wide range of related magnetic MOFs. This indicated
the series M(N;Hs)>(SO4),, with interchangeable M?** ion
and tunability is a promising model example of a well isolated
1D spin chain within a regular crystalline lattice. Going from
the S = 5/2 to S = 1/2 magnetic ions showed the potential
to tune the system from the classical to quantum regime,
pointing to interesting fundamental and applied behavior.
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