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Abstract

Metal-organic frameworks (MOFs) exhibit many interesting properties such as multiferroic
behavior, dipolar glass, gas storage, and protonic conductivity. Here we report that
dimethylammonium copper formate (DMACuF) [(CH3),NH,]Cu(HCOO)s, a cation templated
non-porous MOF with perovskite topology, exhibits strong one-dimensional (1D)
antiferromagnetism with a Néel temperature, Ty, of 5.2 K. These conclusions are derived from
detailed magnetic susceptibility, heat capacity, dielectric constant, and high frequency electron
paramagnetic resonance (HF-EPR) measurements as well as density functional theory (DFT)
calculations. The magnetic susceptibility exhibits a broad maximum at ~50 K, suggesting
low-dimensional magnetism; heat capacity measurements showing a Néel temperature of 5.2 K.
The magnetization versus field data at 1.8 K shows a spin-flop transition at Hy~1.7 T. The ratio
Tn/J = 6.5 x 10%, where J is the near-neighbor exchange constant (77.4 K), and the small value
(2 K) of the inter-chain coupling suggests that DMACUF is close to an ideal 1D magnet. In this
3-D crystal lattice, the 1-D magnetic behavior is made possible by the Jahn-Teller distortion of
the 3d° Cu*" ions. Temperature dependence of the EPR resonance field and the linewidth
exhibits critical broadening for temperatures below 50 K, following a behavior quite
characteristic of 1D spin systems. DFT calculations show that [(CH3),NH,]Cu(HCOO); has a
magnetic structure in which 1D antiferromagnetic chains parallel to the c-direction are weakly
coupled ferromagnetically, supporting the thermomagnetic and EPR results. Dielectric
measurements under applied magnetic fields of 0-7 T reveal a kink at the Ty, a clear indication

of magnetostriction behavior, a first for these MOFs.

1. Introduction

In recent years MOFs have received a great deal of attention because they have not only
useful applications in catalysis and gas storage but also possess novel optical and dielectric
properties.'® The formate ion HCOO-, the smallest carboxylate, has been widely used to bridge
two or more transition-metal ions and forming zero-, one-, two- and three dimensional (0D, 1D,

2D and 3D, respectively) complexes.'' Recently, multiferroic properties were found for those



MOFs with ABXj; perovskite architecture, [(CH;3),NH,]M(HCOO); (DMAMF =
dimethylammonium metal formate), where M = Mn, Co, Ni, and Fe.» "3 These studies
present a new approach to synthesizing multiferroic materials.

Regarding the dielectric properties of these DMAMFs, Jain et al.® have shown that
DMAMnNF, DMACoF and DMANIF undergo paraelectric to ferroelectric phase transitions at 160,
165, and 180 K, respectively. Their dielectric constants for the paraelectric phases are
approximately 45, 50, and 30, respectively. Powder X-ray diffraction (PXED) data showed that a
significant lattice contraction took place on cooling when passing the transition temperatures.
The main peaks in the PXRD pattern also showed splitting, which is associated with symmetry
lowering. Jain et al. also performed heat capacity measurements on DMAMnF over the
temperature range of 1.8-300 K to observe an ordering at ~183 K with entropy change AS = 0.9
J/mol-K, which is significantly smaller compared with 9.1 J/mol-K expected for a simple 3-fold
order-disorder model. DMAMNF thus becomes only partially ordered when cooled through the

transition and the long-range ordering takes place over a broad range of temperatures.’

Sanchez-Andijar et al."”® further found that it changes the structure from R3 ¢ space group at

room temperature to Cc at 100 K.

Concerning the magnetic properties, Wang et al.' '* have reported that DMAMNPF,
DMACoF and DMANIF are weak ferromagnets with the critical temperature 7¢ = 8.5, 14.9, and
35.6 K, respectively. Their ferromagnetic spin exchange parameters between adjacent magnetic
ions through the intervening HCOO- bridge are reported to be -0.46, -3.31, and -6.97 K,
respectively. (Here we use the convention in which the ferromagnetic and antiferromagnetic spin
exchanges are represented by negative and positive numbers, respectively). The heat capacity
study of DMAMnF® indicates that the weak ferromagnetism originates from a canted
antiferromagnetic ordering at 7y = 8.4 K under zero magnetic field. Detailed studies show that
the Ty decreases from 8.4 to 6.7 K with increasing magnetic field from 0 to 9 T. Subsequent
Q-band (35 GHz) EPR measurements also confirmed the ordering in DMAMNnF at ~6 K.

Dimethylammonium copper formate (DMACuF) was first reported by Sletten and Jensen'*
and has been studied by muon spin relaxation measurements.” It crystallizes in a monoclinic

space group of C2/c and has a distorted ReOs-like structure as depicted in Fig. la. Each Cu®" ion



forms an axially-elongated CuOs octahedron with six different HCOO- ions, each HCOO- ion
bridging two adjacent CuOs octahedra so that the CuOg octahedra have a perovskite-like
arrangement with the center of every Cug cube occupied by a DMA cation. We realized that this
compound might exhibit a 1- or 2-D magnetism, which would be novel in this class of MOFs.

This notion derives from the fact that the magnetic orbital (a’rz_y2 orbital) of the copper ion in

each CuQOg octahedron is contained in the CuO,4 square plane made up of four short Cu-O bonds
(Fig. 1b). For convenience, the short and long Cu-O bonds will be referred to as the Cu-Oq and
Cu-O,y, respectively. The interactions of the CuOg units are illustrated in Fig. 1c. Cu-O...0-Cu
spin exchange interaction can be substantial only when both Cu-O bonds are Cu-O.q bonds (J;).
Importantly, the interactions between these chains (J> and J;) are weak because they are
described by the Cu-Ogg...O4-Cu spin exchanges.'®'® Therefore, DMACUF is expected to
exhibit a 1D magnetic character to a first approximation. In the present work we characterize the
magnetic properties of DMACuF by magnetic susceptibility, heat capacity, high frequency
electron paramagnetic resonance (HF-EPR), and dielectric constant measurements. The
experimental data are fully supported by density functional theory (DFT) calculations. A sharp
kink is observed in the capacitance data at the 7y, showing that the compound exhibits

magnetostriction, a first for this class of MOFs.

2. Experimental Details

The DC magnetic susceptibility of a single crystal of DMACuF was measured using a
Quantum Design MPMS SQUID magnetometer at 0.5 T between 1.8-300 K for both
field-cooled (FC) and zero-field-cooled (ZFC) modes. Its magnetization was measured at 1.8 K
at fields up to 7 T with the field applied along the g.-axis (see Fig. 6(a) for a sample orientation).
The heat capacity, Cp, of a polycrystalline sample was measured using a Quantum Design PPMS
(Physical Property Measurement System) over 1.8—200 K by employing the heat pulse-relaxation
method as described earlier.® Powder and single crystal samples were used in the HF-EPR
measurements. 5 mg crystals were grinded, mixed with 100 mg KBr, and pressed into a pellet for

the powder EPR measurements. The temperature and angular dependence at 240 GHz were



measured using a super-heterodyne cw/Pulsed EPR spectrometer, equipped with a rotator

1%-20 Dielectric constant measurements were made by measuring capacitance of a pelleted

stage.
sample with parallel capacitor geometry, as described previously.!
The DFT calculations employed the projector augmented wave (PAW) method encoded in

22 and the generalized-gradient approximation

the Vienna ab initio simulation package (VASP),
(GGA) of Perdew, Burke and Ernzerhof” for the exchange-correlation functional with the
plane-wave-cut-off energy of 400 eV and a set of 6x6x4 k-points to cover the irreducible
Brillouin zone. To examine the effect of electron correlation associated with the Cu 3d states, the

GGA plus on-site repulsion method (GGA+U)*® was used with the effective Uefr values of 4—7

eV.

3. Results

3.1 Magnetic Susceptibility and Magnetization

Figure 2 shows the temperature dependence of the magnetic susceptibility x(7) = M(T)/H
obtained from a single crystal of DMACuF with the external field of B = 0.5 T applied along the
gaxis. The ZFC and FC data display essentially the same behavior. With decreasing
temperature the magnetic susceptibility shows a broad maximum around 7,,,. = 51 K, and then a
rapid drop at about 6.8 K. The former is characteristic of an § = -1/2 1D Heisenberg
antiferromagnet while the latter is expected for ordered collinear antiferromagnets. At the lowest
measured temperature (1.8 K), the susceptibility still has an appreciable residual value, which
suggests that the measured g.-axis lies between the easy and hard axes. In the high-temperature
regime (7 > 80 K) the susceptibility is well described by the Curie-Weiss law x(7) = CAT - 6)
with the Curie-Weiss temperature 6 = -80.6 K, which indicates the presence of dominant
antiferromagnetic spin exchange interactions between the Cu®" (S = 1/2) ions.

Figure 3 shows the magnetization curve versus external field measured at 1.8 K. The
external field is applied parallel to the g.-axis as in the magnetic susceptibility. The
magnetization curve exhibits a rather steep increase up to 3 T and then a quasi-linear dependence.
Since a heat capacity and a dielectric constant show no magnetic and lattice anomalies in the

respective field range, this increase is ascribed to the spin-flop transition which is the hallmark of



an antiferromagnet when an external field is applied along an easy axis.”” We identify the
spin-flop transition field as Hy~ 1.7 T by taking a derivative of the measured magnetization with
respect to field (see the inset of Fig. 3). In our case, the transition is smooth rather than abrupt.
This is due to the fact that the measured g.-axis is not an easy axis but it is close to an
intermediate axis. In addition, low-dimensional quantum fluctuations smooth-out the expected
first-order transition. In turn, a further study of the temperature and angular dependence is

beyond the scope of the present work, but could be very rewarding.

3.2 Heat capacity

The temperature dependence of the heat capacity was measured to get further information
about the long-range order. As shown in Fig. 4A, a clear peak was observed around 5.2 K in the
Cp/T* vs T plot, together with a linear behavior below this temperature. These are typical for a
transition to an antiferromagnetically ordered state.”® In addition, for a Heisenberg
antiferromagnetic 1D chain, we expect the maximum of the magnetic heat capacity at 0.48J = 38
K.*’ This provides another way of determining the strength of the leading magnetic interactions.
However, the experimental curve has no discernible feature in the vicinity of 38 K due probably
to the dominance of the phonon contribution to the heat capacity. Since an isostructural
non-magnetic reference compound is not available, the separation of the magnetic contribution is
not possible.

We turn to the field dependence of the heat capacity. As shown in Fig. 4B, applying a
magnetic field leads to an increase of the size of the anomaly as well as to a slight shift of the
transition temperature to higher temperatures, from 7y=532K at B=0T to Ty=546 K at B =
9 T. This is contrasted by a mean-field behavior, yielding the reduction of Ty. Since the Cu*" ion
has negligible single-ion anisotropies, it should be ascribed to enhanced low-dimensional

quantum fluctuations.

3.3 Electron Paramagnetic Resonance
In order to study the critical spin dynamics of the 1D spin chains, we performed HFEPR

measurements on powder as well as single crystals of DMACuF. Figure 5 shows an EPR



spectrum of a powder at 108 GHz and 150 K. The spectrum is composed of three peaks, which
could be well simulated™ with three effective g-values for an S = 1/2 powder, g, = 2.0731, g =
2.1756 and g. = 2.2759.

To determine the directions and magnitudes of the g-tensor components in crystals to assist
further studies, we measured EPR spectra with a single crystal oriented in different planes. Fig.
6A shows the angular dependence of the effective g-values (resonance field) as a function of the
angle 6 for three orthogonal planes at 300 K. As can be seen, the effective g-values shift between
two of the three g-values obtained in Fig. 5. By doing the angle dependence, we are able to find
out the g-vectors in a single crystal (inset of Fig. 6A) so that the crystal can be aligned well in
other measurements. No particular feature related to 1D correlated systems was observed in these
measurements, which could be due to the fact the 1D chain dynamics dies out when 7'>> J.

In order to study the spin dynamics, EPR measurements were performed on a single crystal
at different orientations. Figures 7A and 7A’ show the EPR spectrum as a function of
temperature measured at 240 GHz for B || g.-axis and B || g, axis, respectively. In both
measurements, intriguing changes are shown with lowering temperature: strong broadening,

shifting and then narrowing of the EPR peak.

3.4 Dielectric anomalies

DMAMFs show a transition to a ferroelectric phase. This motivated us to probe the coupling
between magnetic order and dielectric properties. Figure 8 displays the temperature dependence
of the dielectric constant measured for a powder sample. With decreasing temperature the
dielectric constant exhibits a broad minimum around 17 K and upon further cooling, &' shows a
kink-like anomaly at the magnetic ordering temperature 7y. We observe no appreciable field

dependence of ¢' by applying an external field up to 7 T.

4. Discussions and Theoretical Evaluation

4.1 Magnetic Susceptibility and Magnetization
As shown in Sec. 3.1, the magnetic interactions of DMACuF are expected to be described by

a uniform 1D Heisenberg antiferromagnet. Thus, we fitted the magnetic susceptibility data using



a Bonner-Fisher formula: !

Ng’u +AX "+ A4 X7
X(T) - g luB [ AO - 1 - 2 _3]
kBT 1+B X +B,X +B3X (1)

where g = 2.15 and X = 2kp7/J with J as the antiferromagnetic exchange coupling constant

defining the spin Hamiltonian H=J EiSiSHl for a 1D spin chain. The magnetic susceptibility

is well fitted by J = 77.4 = 0.3 K in the whole temperature range down to the ordering
temperature. The ratio of the Néel temperature to the nearest neighbor exchange, 7y/J = 6.5 x
10, is very small value, suggesting that the DMACUF is close to an ideal 1D magnet.

For a 1D Heisenberg antiferromagnet, the temperature of the maximum 7}, and the height
of the maximum ¥max are related to J as Tax = 0.641J/kg and xmax = 0.147-Ng*pn’s/J.* This
relation gives J = 79.56 K, which is very close to the value obtained from the fitting. In addition,

we can estimate the strength of the inter-chain coupling Jiner in the mean-field approximation as

J,

inter

=T, /1.28,/In(5.8J / T,,) =~ 2 K.** The small ratio |Jiner |/ = 2.5 x 10 provides additional

evidence that the DMACuUF realizes a nearly ideal Heisenberg antiferromagnetic 1D chain
system. The sign of Jiyer, not determined by the mean-field approximation, is discussed further

in Section 4.2.

4.2 Theoretical Calculations of the Spin Exchange Interactions

For the spin exchange interactions of DMACuF, we consider the intra-chain spin exchange
paths J; as well as the nearest-neighbor inter-chain spin exchange paths, J> and J3, shown in Figs.
Ic and 1d. To evaluate the spin exchange parameters, J; — J;, we determine the relative energies
of the four ordered spin states in Fig. 9 on the basis of GGA+U calculations with U = 4, 5, 6,
and 7 eV. The relative energies of these spin states obtained from GGA+U calculations are
summarized in Fig. 9. In terms of the spin Hamiltonian, the total spin exchange energies of these
states are expressed as'® >
Erm =— (—4J; — 8J, — 8J3)(N%/4)
Ear1 =— (4] — 8> + 8J3)(N*/4)
Eary =~ (-4J; + 8J; + 8J3)(N*/4)



Eaps =— (4J; + 8J, — 8J3)(N%/4) )
by using the energy expressions obtained for spin dimers with N unpaired spin per spin site (in
the present case, N = 1). Thus, by mapping the relative energies of the four ordered spin states
onto the corresponding energies expected from the total spin exchange energies, we obtain the
values of J; —J3 summarized in Table 1. J; and J; are antiferromagnetic while J; is ferromagnetic.
J; 1s by far the strongest spin exchange, and the strengths of the spin exchanges decrease as J; >>
|/5| > J; for all employed U values. The J; evaluated from GGA+U calculations is larger than
the experimental value by a factor of approximately two. This is usual because DFT calculations
are known to overestimate the spin exchange parameters approximately up to 4 times.

As expected, the Cu-Ogg...Cu-Ogq unit forms a 1D chain. These 1D AFM chains (J;> 0) are
weakly coupled through the ferromagnetic J, and the antiferromagnetic J; so that there is no spin
frustration between the adjacent 1D chains. Note that the effective inter-chain exchange is given
by the sum J; + J; per magnetic ion Cu®". Since J; + J; is ferromagnetic (i.e., J> + J; < 0), the Joer
derived from the mean-field approximation (see Section 4.1) should be ferromagnetic (Ji.r < 0).
Consequently, the resulting 3D magnetic structure of DMACuF should have the A-type
antiferromagnetic structure,” in which layers of ferromagnetically coupled Cu®" ions
perpendicular to chain are antiferromagnetically coupled along the c-direction. Therefore, the
magnetic unit cell of the 3D ordered antiferromagnetic structure remains the same as the
chemical unit cell (Fig. 9b). It is desirable to confirm this conclusion by neutron diffraction

measurements.

4.3 Electron Paramagnetic Resonance

Due to the strong antiferromagnetic exchange coupling (J;) between the Cu”" centers in a 1D
chain, those observed g-values in Fig. 5 are only effective parameters, rather than the real values
of a single Cu®" ion. It is shown in Figs. 1a and lc that the CuOg octahedras have two elongated
orientations with a torsion angle 26 of 70.82° as shown in Fig. 10A. One can relate the principal
g-vectors (g and g.) of the Cu centers and the three observed ones as illustrated in Figs. 10B and

10C. The vectors can be related by following equations:

g2 =g cos’f+g’sin’ 0 (3)



g, =g sin’f+g; cos’ 0 4)

8. =8. )
with 6= 35.41°. By calculation, single ion principal g-values were obtained, g;=2.3784 and g. =
2.0731. In addition, we can also relate the directions of g-vectors with the unit cell edges (Fig.
6B).

To understand strong temperature dependence of EPR spectra shown in Fig. 7, the g-values
and the linewidths were extracted by fitting the spectrum to a derivative of Lorentzian profiles.
The results are plotted in Figs. 7B, 7C, 7B’ and 7C’. For both directions, at temperatures above
70 K, that is, 7 > J, the linewidth increases slightly with increasing temperature while the
g-factor remains constant. At temperatures between 70 and 5.2 K, both the linewidth and the
g-value increase rapidly upon cooling and then show a sharp kink at 5.2 K. This feature is due to
enhanced short-range order correlations with a consecutive development of critical 3D
correlations. As T approaches 7, the temperature dependence of the linewidth is given by AH o
(T-Ty)® where p is the critical exponent related to the anisotropy and the dimensionality of the
spin system. The studied compound is described with p = 0.57(4) and 0.54(4) for g. and g,
directions, respectively. These values are close to the reported value of p = 0.5 for the 1D case,
confirming a low-dimensional character of the ESR line.*®

A decrease in the g-value (equivalently, an increase in the resonance field) means the
development of an internal magnetic field parallel to the applied field, that is, a ferromagnetic
component. This is compatible with an antiferromagnetic chain with ferromagnetic interchain
interactions and gives a support for our theoretical calculation.

In a magnetically ordered state the linewidth of an antiferromagnetic resonance is
determined by four magnon scattering processes and an occupation number of magnon
excitations. Its temperature dependence can be phenomenologically described with a power law
AH o T" with n = 3.2 when B || g. (Fig. 7C). This is slightly smaller than the T* dependence
expected for a conventional antiferromagnet.’” This might be associated with a low-dimensional
nature of the underlying spin system. For the case of B || g, (Fig. 7A’), a splitting of EPR peak is
observed, which is ascribed to a second branch of antiferromagnetic resonances. For two sublattice

systems, in principle, two antiferromagnetic resonances are possible.

10



For spin chain compounds LiCuVO,; and KCuF; in the high-temperature paramagnetic
region, the temperature dependence of the linewidth is described by the empirical exponential
law AH o exp[-C,/(C,+T)] with fitting parameters C; and C, >* Contrarily, the increase in the
line-width is marginal in the case of DMACuF. This suggests that the line broadening
mechanism in DMACUuF is different from that in LiCuVO4 and KCuF;, possibly due to

negligible anisotropic exchange interactions for the former.

4.4 Dielectric Anomalies

As shown in Fig. 8, we observe no appreciable field dependence of &' by applying an
external field up to 7 T. This implies that there is no substantial field induced change of
magnetization. In addition, we find no evidence for a spontaneous polarization. In contrast to
other DMAMFs, the dielectric anomalies of DMACuF at Ty are due to a second-order effect,
possibly mediated by AFM fluctuation. The overall temperature dependence can be explained by
Lyddane-Sachs-Teller relation between the dielectric constant and the phonon modes, &, =
(0’ /w16, Where oy (w7) is the long-wavelength longitudinal (transverse optical (TO)) phonon
frequency and &, (&) is the dielectric constant at zero (infinite) frequency.” The TO modes
undergo usually a softening through spin-lattice coupling. In this picture, the minimum of &' for
temperatures above Ty is correlated to a decrease in the phonon frequency. On the other hand,
the kink of &' at Ty can be a result of exchange striction or a spin fluctuation effect originated
from the bi-quadratic magnetoelectric term.*” To understand the underlying mechanism of the
magnetodielectric effect at the AFM transition, it is needed to investigate lattice constants and

optical phonon modes as a function of temperature.
5. Concluding Remarks

In summary, our magnetic susceptibility measurements and density functional calculations
reveal that DMACUF consists of S=1/2 Heisenberg antiferromagnetic chains running along the
c-direction, with Jinea = +77.4 K. The interchain coupling is much weaker, with Jiger = =2 K,
showing it to be a nearly ideal 1D antiferromagnet. This is a 3 D crystal structure in which 1 D
magnetic behavior is made possible by the Jahn-Teller distortion of the d’ Cu®" ions. The heat

capacity of DMACUF clearly shows a phase transition to a 3D antiferromagnetic state at 5.2 K,

11



and so does the temperature dependence of the g-values determined from HF-EPR measurements.
The EPR linewidth exhibits a 7°2 behavior, which is close to the 7% dependence expected for a
conventional antiferromagnet. For temperatures below 5.2 K DMACUF is predicted to adopt an
A-type antiferromagnetic structure in which the magnetic unit cell is identical to the chemical
unit cell. The dielectric measurements show a sharp anomaly in the dielectric constant at 7y,

adding a novel characteristic to this MOF.
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Figure captions

Figure 1.  (a) Zoomed-in view of the crystal structure of DMACuF at 110 K. (b) The
axially-elongated CuO¢ octahedron with the perspective view of its magnetic orbital in
DMACUF. (c) Projection view of a single layer of DMACuF, where the red line represents
the “intrachain” spin exchange path J;, and the green and blue lines the “interchain” spin
exchange paths J> and J;, respectively. J; >> |J2| > J;. (d) 3D view of spin exchange paths
in DMACuF.

Figure 2.  Temperature dependence of the FC and ZFC magnetic susceptibilities measured for
a single crystal of DMACuF with the magnetic field of 0.5 T applied along the g.-axis of
the crystal. The solid curve represents a fit to the Bonner-Fisher formula, and the dashed
line a fit to a Curie-Weiss law to the ZFC data with Curie-Weiss temperature 6 = -80.6 K.
The crystal has a size of ~ 1x1x0.5 mm (LxWxH) and the shape is shown in the inset of Fig.

6A.
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Figure 3.  Magnetization versus field measured at 1.8 K with magnetic field applied along the
g--axis of the crystal. The inset: Magnetic susceptibility x(H) = dM/dH, obtained by a
derivative of the magnetization. Dashed lines are a guide to the linear dependence of the
magnetization. The arrows indicate the magnetization jump induced by a spin-flop

transition. The same crystal was used as in Fig. 2.

Figure 4.  (A) Heat capacity of a polycrystalline sample at 0 T as a function of temperature.
Inset: Cp/T* versus temperature. The solid line represents 7° dependence of Cp below the
transition temperature. (B) Temperature dependence of heat capacity at different magnetic

fields. Inset: Phase diagram extracted from main figure.

Figure 5. A typical EPR spectrum of a powder sample with its simulation at 108 GHz and
150 K. ~ 5 mg crystals were grinded, mixed with 100 mg KBr, and pressed into a pellet for

the EPR measurements.

Figure 6.  (A) Angular dependence of effective g-values of a single crystal in three orthogonal

planes. The solid lines are theoretical fits with the conventional expression

g= \/ g”cos’@+g"sin*@. (B) A scheme showing the relation between the three

principal g-axes and the unit cell axes. The same crystal was used as in Fig 2.

Figure 7 (A) Temperature dependence of EPR spectrum of a single crystal at 240 GHz with
magnetic field applied along the g.-axis of the crystal. (B) and (C) Extracted g-value and
linewidth as a function of temperature. (A’), (B’) and (C’) are for the case when magnetic

field is applied along g.-axis.
Figure 8. Dielectric constant as a function of temperature at different magnetic fields.

Figure 9.  Ordered spin arrangements of (a) FM, (b) AFI1, (c) AF2 and (d) AF3 states in

DMACUF, where the gray and white circles represent spin up and down Cu’' sites,
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respectively. The numbers in parenthesis, from left to right, are the relative energies with
respect to the AF1 state obtained from GGA+U calculations with U = 4, 5, 6, and 7 eV,

respectively.

Figure 10.  (A) Projection view of two coupled CuOg octahedrons in a 1D chain, showing the
relative orientations of bonding. (B) A cartoon showing the relation between the principal
g-vectors (g and g.) of two neighbor Cu centers and the three effective g-values measured

in Fig. 5. (C) A scheme showing the relation between the vectors.
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Table 1. Values of the spin exchange parameters (in K) evaluated from GGA+U calculations

U=4eV U=5eV U=6¢eV U=7eV
Ji/ks 258 214 176 143
Jo/ks -12 -8.8 -6.5 -49
J3/ks 35 2.7 2.0 1.5
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