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We have successfully synthesized single crystals, solved the crystal structure, and studied the magnetic
properties of a new family of copper halides (C4H4N,)Cu,Xs (X = Cl, Br). These compounds crystallize in
an orthorhombic crystal structure with space group Pnma. The crystal structure features Cu>* dimers arranged
parallel to each other that makes a zigzag two-leg ladderlike structure. Further, there exists a diagonal interaction
between two adjacent dimers which generates interdimer frustration. Both the compounds manifest a singlet
ground state with a large gap in the excitation spectrum. Magnetic susceptibility is analyzed in terms of both in-
teracting spin-% dimer and two-leg ladder models followed by exact diagonalization calculations. Our theoretical
calculations in conjunction with the experimental magnetic susceptibility establish that the spin lattice can be
described well by a frustrated two-leg ladder model with strong rung coupling [Jo/kg = 116.0(2) and 300.0(2)
K], weak leg coupling [J”/kg = 18.6(2) and 105.0(2) K], and equally weak diagonal coupling [J'/kg = 23.2(2)
and 90.0(2) K] for Cl and Br compounds, respectively. These exchange couplings set the critical fields very
high, making them experimentally inaccessible. The correlation function decays exponentially as expected for a
gapped spin system. The structural aspects of both the compounds are correlated with their magnetic properties.
The calculation of entanglement witness divulges strong entanglement in both the compounds which persists up

to high temperatures, even beyond 370 K for the Br compound.

DOI: 10.1103/PhysRevB.108.134420

I. INTRODUCTION

In recent days, the low-dimensional spin systems with
singlet ground state are pursued rigorously as they manifest
interesting field-induced quantum phases at low temperatures
[1,2]. Moreover, the singlet state is considered to be a highly
entangled state which has direct bearing on quantum compu-
tation and quantum communication [3-5]. The singlet ground
state can be realized in the spin dimers [6], alternating spin
chains [7,8], Haldane chains (integer spin chains) [9,10], spin-
Peierls systems [11,12], even-leg ladders [13,14], frustrated
magnets [15], etc.

An external magnetic field often acts as a perturbation,
which continuously reduces the energy gap between the sin-
glet (1S, S;) =10, 0)) ground state and the triplet (|S, S;) =
|1, 1)) excited states. Above a critical field (H.) when
the gap is closed, several intriguing field-induced quantum
phenomena emerge. To name a few, Bose-Einstein conden-
sation (BEC) of triplons in coupled dimer systems [2,16—
20], Tomonaga-Luttinger liquid (TLL) in one-dimensional
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spin chains and spin ladders [21-23], magnetization plateaus
in interacting dimers [24-26], Wigner crystallization [27],
etc., have been realized. The most intricate one being the
Shastry-Sutherland lattice that consists of orthogonal dimers
embedded in a square lattice. It has an exact dimer product
ground state when the ratio between the inter- and intra-dimer
couplings is sufficiently low [28]. Upon increasing this ratio,
the system goes through a quantum phase transition to a
plaquette singlet state followed by an antiferromagnetic phase
[29]. Applying external field and pressure, one can tune the
coupling ratio and hence observe a series of quantum phase
transitions [30,31]. Indeed, the famous Shastry-Sutherland
lattice compound SrCu,(BO3), featuring orthogonal Cu’*
dimers depicts quantized plateaus at &, %, and % of the mag-
netization and Wigner crystallization of magnons [24,32-35].
These field-induced phases are also observed in several high
spin compounds but the quantum effects are more predomi-
nant in systems with spin-% [25,26]. Further, the isolated spin
dimers with a significant intradimer coupling show a large
spin gap, whereas the presence of interdimer couplings leads
to a drastic reduction in the gap value, making the compounds
suitable for high-field studies.

Unlike the transition metal oxides, the metal-organic
compounds are more suitable for such studies as one
can easily tune the interdimer and intradimer exchange
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couplings, spin gap, and the ground state properties by en-
gineering the synthesis conditions and changing the ligand
[19]. For instance, the isolated spin-% dimers in the metal-
organic compound Cu;(IPA),(DMF)(H,0) result in a large
spin gap of about ~414 K [36] while isolated dimers in
Cu,;Mg, (CO3)(OH)62H, O provide a much reduced spin gap
of around ~7 K [37]. The hierarchy of the intradimer cou-
plings depends on the interaction path involved, symmetry
of the orbitals, bond length, bond angle, etc. Further, the
interdimer coupling which significantly modifies the spin gap
can be engineered by an appropriate choice of organic ligands
[38-40]. Unfortunately, the database for organic coupled-
dimer compounds with a spin gap is too small compared
to the inorganic counterpart. [Cu,(apyhist);Cl,](ClOy4),,
[Cu(pyz)(gly)I(ClO,), and NiCl,-4SC(NH,), are a few exam-
ples of organic compounds reported with a small spin gap that
show field-induced BEC physics [19,41,42].

In this paper, we report in detail the crystal growth,
structure, and magnetic properties of two isostructural
spin—% strong rung coupled two-leg ladder compounds
(C4H4N,)CuyXs (X = Cl and Br) with a large spin gap. Our
experimental magnetic susceptibility data are modeled well by
the exact diagonalization (ED) calculations assuming a two-
leg ladder model with a diagonal interaction that frustrates the
spin lattice. It is found that the rung, leg, as well as the di-
agonal couplings for the Br compound are significantly larger
as compared to the Cl compound [i.e., Jo(Br)/Jo(Cl) ~2.6,
J"(Br)/J"(Cl) ~5.74, and J'(Br)/J'(Cl) ~3.9]. The relatively
large exchange couplings in the case of the Br compound is
attributed to its larger ionic size and more diffused p orbitals
which increases the effective coupling between the Cu®* ions.
Our work provides a pathway to manipulate the magnetic
properties of low-dimensional metal-organic compounds by
judiciously changing the halide atom in the magnetically ac-
tive network.

II. TECHNIQUES

Single crystals of (C4H4N,)Cu,Clg and
(C4H4N,)CuyBrg were prepared following the solution
evaporation method by using a hot air oven in moderate
temperatures. To synthesize (C4H4N;)Cu,Clg, C4Hi2N;
(N, N'-Dimethylethylenediamine), and CuCl, were added in
molar ratio of 1:2 with little excess of HCI. Later, distilled
water was added and the solution was heated at 80°C
followed by continuous stirring for complete dissolution of
the precursors. The resulting clear solution was kept inside
an oven at 45°C which yielded greenish-yellow colored
single crystals of (C4H4N;)Cu,Clg after 5 to 6 days. A
similar procedure was followed to obtain single crystals of
(C4H 4N, )Cu;,Brg by taking the initial constituents C4H;2N>,
CuBr;,, and HBr. The only difference is that, the solution was
heated at 75 °C instead of 45 °C, which resulted in dark-red
colored needle-shaped crystals.

Single-crystal x-ray diffraction (XRD) was performed on
good quality single crystals at room temperature using a
Bruker KAPPA-II machine with a CCD detector and graphite
monochromated Mo Ko radiation (A4, = 0.71073 10\). The
data were collected using APEX3 software and reduced with
SAINT/XPREP [43]. An empirical absorption correction was
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FIG. 1. Powder XRD patterns (open circles) at room temperature
for (a) (C4H14N2 )Cu2C16 and (b) (C4H14N2 )CllzBI'@. The solid line is
the Le Bail fit of the data. The vertical bars indicate the expected
Bragg peak positions and the bottom solid line corresponds to the
difference between the observed and calculated intensities.

done using the SADABS program [44]. The structure was
solved with direct methods using SHELXT-2018/2 [45] and
refined by the full matrix least squares on F? using SHELXL-
2018/3, respectively [46]. All the hydrogen atoms were
placed geometrically and held in the riding atom model for
the final refinement. The final refinement included atomic
positions for all the atoms, anisotropic thermal parameters for
all the nonhydrogen atoms, and isotropic thermal parameters
for the hydrogen atoms. The crystal data and detailed infor-
mation about the structure refinement parameters are listed
in Table I. To reconfirm the phase purity, a large number of
single crystals were crushed into powder, and powder XRD
measurement was performed at room temperature using a
PANalytical (Cu K« radiation, 1.y, = 1.5406 A) diffractome-
ter. The powder XRD patterns were analyzed by Le Bail fit
using the FULLPROF software package [47]. The initial struc-
tural parameters for the fits were taken from the single-crystal
data (Table I). As shown in Fig. 1, all the peaks in the room
temperature powder XRD pattern of both compounds could
be indexed properly with orthorhombic structure (Pnma).
The refined lattice parameters and unit-cell volume are
[a = 15.0583(10) A, b= 6.0273(5) A, ¢ = 14.6121(7) A,
and Ve =~ 132622 A%] and [a = 15.7969(11) A, b=
6.2901(3) A, ¢ = 14.9536(9) A, and V.o =~ 1485.87 A3] for
(C4H4N,)Cu,Clg and (C4H4N;)Cu;Brg, respectively. These
structural parameters of both the compounds are close to the
single-crystal data.

Magnetization (M) was measured using a superconduct-
ing quantum interference device (SQUID) magnetometer
(MPMS, Quantum Design) in the temperature range 2 K <
T <350 K, and in different applied fields (H). Isothermal
magnetization (M vs H) measurement was performed at 7 =
2 K varying the applied field from O to 5 T. For this purpose, a

134420-2



CRYSTAL STRUCTURE AND MAGNETIC PROPERTIES OF ...

PHYSICAL REVIEW B 108, 134420 (2023)

TABLEI. Structure information of (C4H4N,)Cu,Xs (X = Cl, Br) compounds obtained from the single-crystal XRD measurements at room

temperature.

Crystal data

Empirical formula
Formula weight (M,)
Crystal system

Space group

alA)

b[A]

c [A]

Vcell [A%]

Z

Calculated crystal density (0cal)
Absorption coefficient (u)
Crystal size

(C4H14N)CuyClg
429.95 g/mole
Orthorhombic

Pnma
15.040(1)
6.014(5)
14.593(9)

1319.95(17)
4
2.164 mg/mm?
4.401 mm™!
0.25 x 0.22 x 0.17 mm?

(C4H14N2)Cu;,Brg
696.71 g/mole
Orthorhombic

Pnma
15.849(3)
6.3157(5)
14.992(3)
1500.6(5)

4
3.084 mg/mm?
18.780 mm™'
0.22 x 0.18 x 0.12 mm?

Data collection

Temperature (K)
Radiation type
Wavelength (1)
Diffractometer

6 range for data collection
Index ranges

F(000)

Reflections collected
Independent reflections
Data/restraints /parameters
Final R indexes, I > 20 (1)
Final R indexes, all data

295(2)
Mo K«
0.71073 A
Bruker KAPPA APEX-II CCD
2.708°-26.422°
18 <h <18,
—7<k< T,
-18<I1< 18
884
10316
1487 [Riyys = 0.0462]
1487/0/85
R, = 0.0261, wR, = 0.0549
R; = 0.0389, wR, = 0.0621

295(2)
Mo Ka
0.71073 A
Bruker KAPPA APEX-II CCD
2.570°-25.462°
—19<h< 19,
-7 < k<6,
-18<I1< 18
1280
11768
1526 [Riye = 0.0685]
1526/5/73
R, = 0.1005, wR, = 0.2441
Ry = 0.1346, wR, = 0.2904

Refinement

Refinement method
Goodness-of-fit on F?

Full-matrix least squares on F2
1.123

Full-matrix least squares on F2
1.017

large number of single crystals were crushed into powder and
mounted on the sample rod.

Magnetization data were modeled by spin-% interacting
dimer and two-leg ladder models as well as via ED calcula-
tions. The ground state of interacting dimers, in general, has
a short correlation length. Therefore, small system size ED
calculations should be sufficient to obtain a reliable spectrum
and thermodynamic properties. We employ the conventional
ED method to obtain the full energy spectrum of the system
size up to N =24 and found that N = 18 is sufficient to
reproduce the experimental magnetization data.

III. RESULTS

A. Crystal structure

Both compounds are found to have the same crystal
structure [orthorhombic, Pnma (Dég, No. 62)] with Z = 4.
The detailed crystallographic parameters obtained from the
single-crystal XRD analysis such as lattice parameters (a, b,
and ¢), unit-cell volume (Vep), etc., are summarized in Ta-
ble I. The atomic positions, bond lengths, bond angles, and
anisotropic atomic displacement parameters are tabulated in

the Supplemental Material (SM) [48]. The crystal struc-
ture obtained from the single-crystal XRD is presented in
Fig. 2. The asymmetric unit of the crystal contains one N, N'-
Dimethylethylenediamonium (N, N'D) cation and one Cu,Xg
(X = (I, Br) anion where both reside on mirror plane sym-
metry with an occupancy of 0.50. There are two inequivalent
Cu sites and six inequivalent halide (Cl/Br) sites present in
the crystal unit cell. Each Cu atom is coordinated with six
halide (Cl/Br) atoms forming a distorted CuXs octahedra.
The octahedra are highly distorted with significant elongation
of the Cu-X bond along the apical direction. The calculated
distortion parameters are given in the SM [48]. It is found that
CuClg octahedra are more distorted compared to the CuBrg
one. In the basal plane, the Cu-X bond distance for the Cl
compound varies from 2.234 to 2.365 A while the longest
apical bond distances are in the range of 3.014 to 3.022 A.
Similarly, for the Br compound the bond distance in the basal
plane varies from 2.39 A to 2.43 A while the apical bond
distances are in the range of 3.163-3.17 A.

Each structural dimer unit of Cu,Xj( is formed by edge
sharing of two inequivalent CuXg octahedra at the basal plane
[see Fig. 2(b)]. Along the b direction, the dimers are arranged
parallel to each other and are interconnected via the edge
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b

FIG. 2. (a) Three-dimensional view of the crystal structure of (C4H4N,)Cu,Xs (X= Cl, Br) projected in the ac plane. (b) The Cu, X
(X= Cl, Br) dimer unit with intradimer exchange coupling Jy. (c) Edge sharing of distorted CuXs octahedra favoring interdimer couplings or
couplings along the legs and diagonal of the ladder. (d) A sketch of the possible exchange couplings (after removing X ) highlight the coupled
dimers or the frustrated two-leg zigzag ladder structure. (e) Orthogonal dimers from neighboring ladders.

sharing of CuXg octahedra (between the apical and basal
halide atoms) [see Fig. 2(c)]. In addition to the Cu-Cu in-
tradimer distance d;, if interdimer distance ds is taken into
account, the spin lattice would behave like a zigzag two-leg
ladder structure with d; and d; representing the rungs and
legs of the ladder, respectively. The diagonal distance d;
which is slightly less than d; makes the spin lattice more
intricate [see Fig. 2(d)]. These ladders are well apart and
the organic cations reside in the interstitial space surrounding
the ladders. Furthermore, the dimers from each ladder are
aligned nearly perpendicular to the dimers of the neighboring
ladders [see Fig. 2(e)]. The value of bond distances d;, d»,
and d and the corresponding angles ZCu-X-Cu that favor the
interaction paths Jy, J', and J”, respectively, are tabulated in
Table II.

B. Magnetization

Figure 3 presents the temperature-dependent magnetic sus-
ceptibility (x = M/H) of (C4H14N;)CuXs (X = Cl, Br)
measured in an applied field of uoH = 0.1 T. Upon cooling,
x (T') of both compounds shows a Curie-Weiss (CW) increase
in the high-temperature regime and passes through a broad
maxima at around 7" >~ 72.5 and 171.8 K, respectively,
indicating the development of short-range antiferromagnetic
(AFM) correlations. Below 7,", x(T') of both compounds
falls rapidly, which is a primary indication of the opening of a
spin gap. At low temperatures, below 12.5 K (CI) and 37.9 K
(Br), x(T) of these systems increases due to the presence
of a small fraction of extrinsic paramagnetic impurities or
lattice imperfections in the samples. There is no signature of
magnetic long-range order down to 2 K for both compounds.

TABLE II. Values of bond lengths d;, d>, and d; as shown in Fig. 2(d) and angles ZCu-X-Cu as shown in Figs. 2(b) and 2(c) for both the

compounds corresponding to the exchange pathways Jy, J', and J”.

Jo J J"
Compound d, (A) Angle (deg) dy (A) Angle (deg) ds (A) Angle (deg)
(C4H4N,)Cu,Clg 3.4730 ZCu(2)-CI(3)-Cu(1) 3.8809 ZCu(2)-C1(3)-Cu(2) 3.933 ZCu(1)-CI(3)-Cu(2)
=95.03 =91.95 =93.20
ZCu(2)-Cl(4)-Cu(1) Z/Cu(1)-C1(5)-Cu(2)
=98.84 =95.72
(C4H,4N,)Cu,Bry 3.650 Z/Cu(2)-Br(3)-Cu(l) 4.070 /Cu(2)-Br(4)-Cu(2) 4.121 Z/Cu(2)-Br(4)-Cu(1)
=97.61 =917 =92.77
ZCu(2)-Br(4)-Cu(1) ZCu(2)-Br(5)-Cu(1)
=94.73 =94.95
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FIG. 3. x vs T in an applied field of uoH = 0.1 T for (a) (C4H 4N, )Cu,Clg and (b) (C4H 4N, )Cu,Brg. The solid line is the fit of the data
using the spin-% interacting-dimer model [Eq. (2)]. Inset: 1/x vs T and the solid line is the CW fit for (C4H4N;)Cu,Clg. x vs T with isolated
two-leg ladder model fit [Eq. (4)] for (c) (C4H4N;)Cu,Clg and (d) (C4H;4N;)Cu,Brg.

x(T) at high temperatures was fitted by the sum of CW
law and the temperature-independent susceptibility (xo):

x(T)= xo+ ey

T —6cw
Here, C and Ocw are the Curie constant and CW temper-
ature, respectively. The inverse susceptibility [1/x(T)] of
(C4H4N;)Cu,Clg was fitted above 200 K by Eq. (1) that
yields xo ~ —1.08 x 10~* cm?/mol-Cu’**, C ~ 0.45 cm’
K /mol-Cu**, and cw ~ —75 K. The negative value of fcw
indicates a dominant AFM interaction between the Cu®* ions.
The effective magnetic moment estimated from the C value
to be pefr = (3kgC/Napd)'/? =~ 1.89up/Cu’t (where kg is
the Boltzmann constant, N is the Avogadro’s number, and
wup is the Bohr magneton). This value of peg is slightly
higher than the free ion value of i (1.73up) for Cu*>" with
spin-1 and g = 2. The e value corresponds to g = 2.18,
typically observed for Cu®*-based systems [49,50]. As the
exchange coupling for (C4H4N;)Cu,Brg is relatively large
and our x (7)) measurements are restricted to 350 K only, it
was not possible to fit the data using Eq. (1). This is because,
CW fit requires data at very large temperatures T > Ocw [51]

and measurement above 350 K was not possible since both
the compounds melt at around 420 K (see SM [48]). To
understand the exchange network, x (7)) data over the whole
temperature range were fitted by the equation

C.
me + Xspin(T)~ (2)

xT)=xo+-+——
T — Oimp

In the second term, Gy, is the Curie constant of the impurity
spins and 6;n, is the effective interaction strength between the
impurity spins. This term takes care of the low-temperature
Curie tail in x(T'). xspin(T) is the spin susceptibility of the
spin-% interacting dimer model which has the form [40]

NAg 11 1
keT  [3 + eVo/ksT) 4 ;B_JT] ’

Xspin(T) = 3)

Here, Jo and J' are the intra- and average inter-dimer
interactions, respectively. In this expression, a mean-field ap-
proximation is used to introduce J' in the isolated dimer
model [36]. Here, 77 = 2 represents the number of neigh-
boring dimers coupled with one dimer through J'. As
shown in Fig. 3, Eq. (2) reproduces our experimental
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data very well resulting in the parameters [y, ~ —4.52 x
1075 cm®/mol-Cu*", Cimp 2~ 0.002 cm? K /mol-Cu**, fimp =
—0.64 K, g=2.05, Jo/kg =116.7(6) K, and J'/kg =
25(1) K] and [xo =~ —1.55 x 10~* cm?/mol-Cu**, Cipp =~
0.00725 cm® K/mol-Cu?*, Oy =~ 0.53 K, g = 2.12, Jo/kp =
288.8(9) K, and J'/kg = 235(1) K] for (C4H4N;)Cu,Clg
and (C4H4N;)Cu,Brg, respectively. The obtained values of
Cimp correspond to ~0.53% and ~1.9% of the paramagnetic
impurity spins, respectively, assuming spin % In order to
emphasize the gapped behavior, xo + TS‘—;“’mp was subtracted
from the x(7') data. The resulting intrinsic xpin(7') indeed
decays exponentially towards zero at low temperatures [see
Figs. 3(a) and 3(b)], further establishing a singlet ground state.
For T < 12 K (in the gapped state), xspin Of the Br compound
[see Fig. 3(b)] shows an anomalous feature which is likely due
to unreliable subtraction of the extrinsic contributions.

As demonstrated in Fig. 2(d), there is equal possibility for
the parallel dimers to interact along the legs of the ladder.
Therefore, we fitted the x(7) data by the high-T series ex-
pansion (HTSE) of the strong rung ladder model as

x(T) = Xo + Xspin(T). “

Here, xspin is the expression of HTSE for the spin—% two-leg
ladder with strong rung coupling [i.e., Eq. (47) in Ref. [52]].
This expression is valid in high temperatures and for 0 <
J"/Jy < 1. This expression predicts more accurate results for
J"/Jy < 0.6. Our fit in the high-T regime 7 > 0.2Jp (i.e.,
25 K for Cl and 68 K for Br) reproduces the experimental data
very well yielding [xo ~ —4.99 x 107 cm?®/mol-Cu**, g ~
2.06, Jo/kg = 115(1) K, and J”/kg = 23(1) K] and [y =~
—1.108 x 10~* cm? /mol-Cu’*, g >~ 2.06, Jo/kg = 271(1) K,
and J" /kg = 99.6(7) K] for Cl and Br compounds, respec-
tively [see Figs. 3(c) and 3(d)].

The zero-field spin gap (A) for a strong rung coupled two-
leg ladder can be estimated as [52]

J//2 ]//3 J//4

Ao=Jo—J +—+"0 - 1+ OU"). 5
0o=1Jo +210+4J§ 8]34—( ) (5)

Using the appropriate values of Jy and J”, A is calculated to
be 94.7 and 192.3 K for the Cl and Br compounds, respec-
tively. The values of spin gap correspond to the critical field
of gap closing poHc; >~ 68.4 T and 146.4 T for the Cl and Br
compounds, respectively. Similarly, the saturation field (Hc»)
at which one can achieve the fully polarized state is calculated
to be woHe = (Jo+2J")/gup >~ 115 T and 358 T for the
ClI and Br compounds, respectively [13]. Magnetic isotherm
(M vs H) measured at T = 2 K is shown in Fig. 4. For both
the compounds, it shows a typical paramagnetic behavior up
to 5 T. The x(T') analysis suggests that x.in(7') approaches
zero value below ~13 and ~37 K for (C4H4N;)Cu,Clg
and (C4H4N;)Cu,Brg, respectively, and the low-T upturn in
x (T) is entirely due to extrinsic contributions. As one expects
zero magnetization in the gapped state, the observed M vs H
behavior can be attributed completely due to the paramagnetic
impurity spins. Hence, one can estimate this extrinsic param-
agnetic contribution accurately by fitting the data to [53]

M(H) = XH + ﬁmpNAgimpMBSimszimp(x)- (6)

80 T T T T
T=2K

 —Eq.(6)
60 ]
]
Q
(_ED O (C,H,,N,)Cu,Cl,
&= 40F o (C,H,,N,)Cu,Br, .
5
e
= 20 8

0 L 1 L 1 L 1 L 1 L
0 1 2 3 4 5

moH (T)

FIG. 4. Magnetization isotherms (M vs H) at T = 2 K measured
up to 5 T. Solid lines are the Brillouin fit using Eq. (6).

In the above equation, x is the intrinsic susceptibility, fimp
is the molar fraction of the impurities, gimp is the impurity g
factor, Simp is the impurity spin, Bsimp(x) is the Brillouin func-
tion, and x = gimpUBSimpH /[kg (T — Oimp)]. We assumed the
impurity spin Siyp = % and the Brillouin function reduces to
Bsimp(x) = tanh(x) [54]. Our fitted results upon fixing g = 2
are (fimp = 0.0048 mol % and Oy, >~ —0.44 K) and (fimp =
0.0122 mol % and 6y, = 0.95 K) for the CI and Br com-
pounds, respectively. The obtained values of fiy, correspond
to ~0.48% and ~1.2% of spin-% paramagnetic impurity spins
for the CI and Br compounds, respectively, which are consis-
tent with the x (7") analysis.

C. Quantum entanglement

The existence of entanglement in an AFM spin system
can be measured by a quantity called entanglement witness
(EW). In a magnetic system with singlet ground state, the two
spins are strongly entangled and one can extract EW from the
macroscopic thermodynamic observable like xpin. For a spin-
% isotropic Heisenberg system, EW is related to xepin as [55]

6kp TXspin

EW =1 — .
Nag g

(N
Figure 5 depicts the temperature variation of EW calculated
using Eq. (7). The EW of both compounds reaches a
maximum value of 1 in the low-temperature region where
Xspin 18 zero. It decreases with increasing temperature. For
(C4H4N>)Cu,Clg, EW approaches zero at around 120 K,
whereas for (C4H4N;)Cu,Brg, it remains nonzero even at
370 K. For an entangled state, EW should have a finite value
(>0). The dashed line [Eq. (7) taking EW = 0] in the insets of
Figs. 5(a) and 5(b) represents the boundary of the entangled
state, which is plotted along with xi,(7'). The point of
intersection with xpin defines the upper temperature limit of
the entangled state. The dashed curve intersects the ypi, data
of (C4H14N;)Cu,Clg at around 120 K, which is consistent
with the above analysis. On the other hand, (C4H 4N, )Cu,Brg
demonstrates that entanglement persists even beyond 370 K.
Experimentally, quantum entanglement is realized in several
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FIG. 5. Entanglement witness (EW) as a function of temperature
for (a) (C4H4N;)Cu,Clg and (b) (C4H 4N, )Cu,Brs. Inset: xgpin vs T
along with the entanglement boundary (dashed line).

spin-1 Heisenberg AFM dimers and spin-chain systems

such2 as Cu(NO;3),2.5H,0 [56], Na,CusSisOy4 [57],
NH4CuPO4 - H,O [58], and Cu(tz),Cl, [59]. However,
all these compounds are entangled at very low temperatures
except Na,CusSiyO4. In this context, (C4H4N>)Cu,Clg
and (C4H4N;)Cu;,Br¢ are two promising compounds where
entanglement perseveres up to much higher temperatures

compared to the above-mentioned compounds.

D. Theoretical calculations

A frustrated two-leg ladder is pictorially shown in Fig. 6,
where each solid sphere represents a Cu®" site with spin—%.
The two inequivalent Cu sites are denoted as A and B. An
isotropic spin—% Heisenberg model Hamiltonian on this lattice
can be written as

N/2 N/2
H= ZJOSi,A “Sip+ ZJ/SLB - Si+1,8
i=1 i=1
N/2
+ ZJ//(SI,B “Sit1,4 + Sia - Siv1,8)
i=1
N/2

—H Z (Sia+Sis), 3
i—1

where S’,-, 4 and §,~7 p indicate the spin vectors for the sublattices
A and B, respectively, of the ith unit cell. In Eq. (8), the first
term represents the intradimer coupling Jy while the second
and third terms represent the interdimer coupling J' and J”
between the neighboring dimers along the diagonal and the
leg, respectively. The coupling J' is always between two same
Cu sites while J” is between two inequivalent Cu sites. The
last term of the Hamiltonian represents an externally applied

B J" A
Is J’I I
",:.—"i. - -;.-.2. ..-l.é. 5

FIG. 6. Lattice structure: A and B are two sublattices of the
ladder structure. J; and J” are rung and leg couplings, respectively,
while J' is the coupling along the diagonal. r is the site index along
the lower leg of the system.

axial magnetic field H, and the energy scale is set in terms of
Jo.

In order to have further insight into the ground state proper-
ties, correlation function, C(r) = (¥|S;.S;1,|¥) vs distance r
of the lattice sites, and magnetization M = (/| Zl LSS vs
magnetic field (H), calculations are performed up to N = 24
sites by considering the frustrated two-leg ladder model. The
magnetization M (T, H) and magnetic susceptibility x (T, H)
of these systems can be calculated using the full spectrum and
the partition function Z(T, H) can be written as

N/2
s ¥ T
st=—N/2 ng

Here, 8 = ﬁ and s° is the z component of total spin which
varies from —N/2 to N/2 where the total number of sites
in the system is N. E, . is the energy for the ng state. The

magnetization can be defined as

N/2
M(T,H) = Z Z 2o PEn: —Hs) (10
s:—N/Z ng

x (T, H) can be written in terms of the magnetic fluctuation as

x(T.H) = ]%[(M% — (M) (11)

First, we calculated the magnetic susceptibility x (7') by tak-
ing the frustrated two-leg ladder model into account for both
materials. As the experimental y(7) contains a large low-
temperature upturn (see Fig. 3), to fit the experimental data,
we used the spin susceptibility x.pin Originating from the inter-
acting dimer model fit in Fig. 3. In order to show the finite-size
effect, xgpin is calculated for three different system sizes,
N =12, 16, and 18. Clearly, there is no visible finite-size
effect for both compounds. From the best fit of the experi-
mental xpin data in Fig. 7, the obtained parameters are [g =
2.06, Jo/kg = 116.0(2) K, J'/kg = 23.2(2) K, and J" /kg =
18.6(2) K] for (C4H4N,)Cu,Clg and [g=2.06, Jy/ks =
300.0(2) K, J'/kg =90.0(2) K, and J”/kg = 105.0(2) K]
for (C4H4N;)Cu,Brg, respectively. We also calculated the
correlation function C(r) for the frustrated two-leg ladder
model for both compounds along the A-B-A-B-... sites (see
Fig. 6), where r is the distance. We notice that C(r) decays
exponentially along the leg (A-B-A-B-...) and it can be fit-
ted well with an exponential function Ae~"/¢ where A is a
constant. From the fit in Fig. 8, the correlation length & is
estimated to be ~0.36 and ~0.64 for (C4H4N,)Cu,Clg and
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FIG.7. The experimental xgi, data  (symbols) for

(a) (C4H14N2)CU2C16 and (b) (C4H14N2)CU2BF6. The fits using ED
simulation for the frustrated two-leg ladder are shown as solid lines
for system sizes N = 12, 16, and 18.

(C4H4N>)Cu,Brg, respectively, which are still less than the
spacing between nearest-neighbor Cu®* ions along the leg.
Surprisingly, for (C4H14N;)Cu,Brg, despite large J'/Jy and
J" | Jy ratios (~0.30 and 0.35), & is less than the lattice spacing
and it is still behaving like weakly coupled dimers.

The spin gap and saturation field are two important quan-
tities to understand the magnetic properties of a gapped spin
system. Due to large energy scale of the exchange couplings,
the critical fields are too high and are not accessible experi-
mentally. Hence, to extract the value of critical fields (critical
field of gap closing Hc¢; and saturation field Hc;) and to un-
derstand the nature of magnetic isotherms, we have simulated
the M vs H curve at zero temperature for both compounds
for N = 20 and 24 sites (see Fig. 9). The critical fields are

1 E T T T T T T T T T T T

—C()=Ae"

0.01k

1E-3 F
< 1E4L
© 1Esk

1E-6 F

T

1E-7

1E-8

T

FIG. 8. The correlation function C(r) vs r calculated for the
frustrated two-leg ladder model along the lower leg by taking
r =0 as the reference site (see Fig. 6) for (C4H4N,)Cu,Clg and
(C4H4N;)Cu,Brg. Solid lines are the exponential fits.

T T T T T
10
08 O i
t
Q
5 z il
§w 0.6 =
= o
04 N =20 B
N=24
02k N =20 (mid point) |
. —— N =24 (mid point)
00 - 1 1 " 1 " 1

0 100 200 300 400 500 600
poH (T)

FIG. 9. The calculated M vs H curves for (C4H;4N,)Cu,Clg
and (C4H4N,)Cu,Brg with system sizes N = 20 and 24 using the
frustrated two-leg ladder model. Symbols and solid lines represent
the plateaus and connector of the midpoint of plateaus, respectively.

found to be independent of the system size for both the com-
pounds. In the intermediate field regime, the Cl compound has
very weak finite-size effect while the Br compound exhibits
a plateaulike behavior and should have a continuous M vs
H curve in the thermodynamic limit (N — 00). Finite-size
effects can be avoided by considering the value of M at
the midpoint of each plateau and drawing a continuous line
through these points for N = 20 and 24 which show almost no
difference. The value of uoHc is found tobe 78.9 and 181.2 T
for the Cl and Br compounds, respectively. This suggests that
such a robust singlet ground state cannot be perturbed by the
experimentally available magnetic fields. The saturation mag-
netic field or the field required to obtain the fully polarized
state is found to be uoHcy = 110.7 T and 374.2 T for the CI
and Br compounds, respectively. These values of H¢; and Hc;
are slightly larger than the ones predicted from the analysis
using the two-leg ladder model, as the two-leg ladder model
does not take into account the diagonal interaction.

IV. DISCUSSION AND SUMMARY

We investigated the structural and magnetic properties of
two copper halides. Although experimental x(7") data are
fitted well by both spin-% interacting dimer and two-leg lad-
der models, a more accurate description is obtained from
the ED calculations. The ED calculation results assuming a
two-leg ladder model reproduce the spin susceptibility more
precisely with a strong rung coupling Jo/kg = 116.0(2) and
300.0(2) K, a weak but significant leg coupling J”/kg =
18.6(2) and 105.0(2) K, and another weak diagonal coupling
J'Jkg = 23.2(2) and 90.0(2) K for (C4H;4N;)Cu,Cls and
(C4H4N>)Cu;,Brg, respectively. Depending on the hierarchy
of the exchange couplings, two-leg spin—% ladders may evince
remarkable critical behavior at low temperatures due to low
dimensionality and reduced spin value. For instance, although
TLL physics is envisaged in two-leg ladders, a qualitative
difference is delineated between strong-leg and strong-
rung ladders. Theory predicts attractive fermionic interaction
in strong-leg spin-% ladders [e.g., (C7HoN),CuBr4] and
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repulsive fermionic interaction in strong-rung spin-% ladders
[e.g.. (CsH|2N),CuBry4], respectively, in the gapless TLL crit-
ical state [22,23]. Similarly, spin-% two-leg ladders above
H.,, are also foretold to feature a dimensional crossover
from a one-dimensional TLL state at high temperatures to a
three-dimensional BEC state at low temperatures, as observed
in (C5H12N)2CU.BI'4, (C7H10N)2CUBI4, and (C5H12N)2CU.C14
[23,60,61]. Experimental verification of such predictions is
strongly hindered as the number of two-leg ladder compounds
are limited to date [13,60-68]. Thus, because of the two-
leg ladder structure, the compounds under investigation have
the potential to host these quantum phases, if the values of
exchange couplings can be lowered significantly. Further, as
depicted in Fig. 6, the AFM J’ along the diagonal induces
magnetic frustration in the ladder, making it a unique spin lat-
tice of frustrated two-leg ladder in both our compounds [69].

According to the Goodenough-Kanamori-Anderson
(GKA) rule, the nature and strength of the superexchange
in magnetic insulators depend very much on the Cu-X-Cu
bridging angle and the extent of overlap between the Cu 3d
and X 3p/4p orbitals of the ligands (X = CI, Br). Strong
AFM exchange interaction is favored for ZCu-X-Cu > 95°
[70]. As discussed earlier, the CuXy octahedra are distorted
due to the Jahn-Teller effect and the Cu-X bond is elongated
along the apical direction. In an octahedral coordination, the
3d,>_,» orbital of Cu®" lies in the basal plane and contains
the unpaired electron. In both the compounds, the intradimer
(or rung) coupling (Jy) arises due to the overlapping of
3d,»_,> orbitals of two Cu’>" ions via the quasiorthogonal p
orbitals of the halide ligands in the basal plane. On the other
hand, the diagonal (J') and leg (J”) interactions emerge from
the overlapping of 3d,. orbitals of one Cu*" with 3d_yp
orbitals of another Cu*" from the neighboring dimers via
the p orbitals of the apical halide ions of the distorted CuXs
octahedra. Furthermore, the intradimer distance d; is found
to be smaller than d, and d; and the angle ZCu-X-Cu along
d is more than 95° as well as more than the angles along
d, and dz (see Table II). Thus, the presence of an unpaired
electron in the 3dxz,yz orbital, shorter bond distance, and
larger bond angle are the obvious reasons for much stronger
AFM coupling for Jy as compared to J' and J”. Due to the
extended Cu-X-X-Cu paths, the orthogonal dimers of the
neighboring ladders are very weakly connected in the ac
plane through the basal halide ions. The magnetic network
of these compounds seems to be similar to the celebrated
compounds ACuX3 (A = T, NHy, K) [71].

Despite the same crystal structure, the exchange cou-
plings (Jy, J', and J”) of (C4H4N,)Cu,Brg are larger than
(C4H14N;)Cu,Clg. The Cu-Cu bond distance and ZCu-X-Cu
bond angles (see Table II) for both the compounds are nearly
the same and making a distinction is really difficult. The
superexchange mechanism between Cu’" ions is explained
well for CuX, (X = F, Cl, and Br) in Ref. [72] in terms of
the GKA rule [70]. It is reported that the larger ligand size
can amplify the orbital overlap mechanism, leading to larger
exchange couplings. Since Br™ has a larger ionic radius than
Cl~, one expects higher Jy, J’, and J” for (C4H 4N, )Cu;,Brg
than (C4H 4N, )Cu,Clg. Similar results are reported for the al-
ternating chain compound, (4, 4'-bipyridinium)Cu,Cl¢_,Br,,
where the AFM couplings are increased monotonously with

increasing bromide concentration [73]. Moreover, distortion
in the CuXg octahedra units also plays a decisive role. In
the case of CuClg, the distortion is more than CuBrg which
possibly favors weaker interaction in (C4H4N;)Cu,Clg.

For an isolated dimer compound, the intradimer coupling
represents the true spin gap in zero field and the critical field of
gap closing (Hc¢) coincides with the critical field of saturation
(Hc»). The interdimer coupling not only reduces the value of
spin gap but also increases the spread between Hc; and Hcy,
allowing space for field-induced quantum phases to occur
[1,16]. As shown in Fig. 9, these fields are puoHc; >~ 78.9 T
and puoHc, ~ 110.7 T for the Cl compound and poHep =~
181.2 T and puoHcy >~ 374.2 T for the Br compound. Thus,
the large spacing between Hc; and Hcp implies significant
interdimer coupling or leg coupling along the ladder for both
the compounds, consistent with our x (7") analysis. Unfortu-
nately, their exchange couplings are so large that the critical
fields are not easily accessible experimentally. However, the
exchange couplings in these compounds can be reduced by
appropriately choosing the halide ions and ligands or in-
troducing more distortion in the lattice. Another interesting
aspect of these compounds is that the dimers from one ladder
are nearly orthogonal to the dimers in the neighboring lad-
ders. Therefore, if the interdimer couplings can be weakened
by tuning structural parameters, then these compounds can
be considered equivalent to the Shastry-Sutherland lattices
Sr,Cu(BO3); and BaNd,ZnOs [24,74]. Thus, synthesis of
these compounds opens up a new route to tune the magnetic
parameters and realize new compounds that would be relevant
from the quantum magnetism point of view.

In summary, we present the details of single-crystal
growth and magnetic properties of two interesting isostruc-
tural quantum magnets (C4H 4N, )Cu,Xs (X= Cl, Br). Both
the compounds feature Cu®t two-leg ladders with a frus-
trated diagonal coupling. The dimers from each ladder are
aligned orthogonal to the dimers from the adjacent ladders.
The analysis of x(7') and the subsequent theoretical calcula-
tions reveal that the dimers are strongly coupled leading to
a drastic reduction in spin gap from its isolated dimer value.
Our exact diagonalization calculations assuming a frustrated
two-leg ladder geometry, indeed, reproduce the experimen-
tal x(T) with leading rung coupling Jy/kg = 116.0(2) and
300.0(2) K, weak leg coupling J'/kg = 18.6(2) and 105.0(2)
K, and weak frustrated diagonal coupling J”/kg = 23.2(2)
and 90.0(2) K for the Cl and Br compounds, respectively.
Despite same crystal symmetry, the relatively large exchange
couplings in the case of Br as compared to the Cl com-
pound is attributed to the larger ionic size of Br~ and more
diffused p orbitals that facilitate stronger coupling between
the Cu?* ions. Further tuning of exchange couplings by ap-
propriately choosing the halide ions or ligands would make
them model compounds for exploring field-induced quantum
phases.
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