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The experimental results of the susceptibility, specific heat, magnetization, and electron spin resonance of
CusH2Od2sC2H8N2dSO4 are reported. Despite the triangular arrangement of chemical bonds, the system is
identified as anS=1/2 Heisenberg antiferromagnet where the dominant exchange couplingJ/kB<−1.4 K is
mediated by a square network of hydrogen bonds. The long-range ordering observed atTN=0.91 K is proposed
to be Néel type. The possibility of tuning the strength of the exchange couplings in various directions is
discussed.
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I. INTRODUCTION

The physical properties of a geometrically frustrated mag-
net represented by the Heisenberg antiferromagnet on a tri-
angular latticesHATL d have been extensively investigated,1

and considerable theoretical effort has been devoted to un-
derstanding the nature of the ground state in the quantum
regime. More specifically, the role of quantum spin fluctua-
tions in suppressing the long-range order was a subject of the
debate2 generated by Anderson’s proposal that the ground
state is a spin liquid.3 Recently, theoretical studies were ex-
tended to consider the so-called Row model describing a
spatially anisotropic triangular antiferromagnet with different
values of exchange coupling constantsJ1 andJ2 in different
directions ssee Fig. 1d. These studies4–6 addressed the
ground-state phase diagram of the Row model in zero mag-
netic field. Although the different calculation techniques led
to slightly different phase boundaries, the phase diagram of
the Heisenberg antiferromagnet on a spatially anisotropic tri-
angular lattice possesses three clearly distinguishable re-
gions. Specifically, a Néel-type ordered phase exists from
J1/J2=0 to J1/J2<1/2, a phase with a spiral ground state is
located in the region 1/2,J1/J2&4, and quantum disor-
dered phases are predicted atJ1/J2=1/2 and forJ1/J2*4.

For S=1/2 Heisenberg triangular magnets with pro-
nounced quantum effects, most of the experimental effort
has been devoted to the study of isotropic systems.7–10 In
contrast, there are only a few studies ofS=1/2 HATL with
strong spatial anisotropy, a notable example being
u - sBEDT-TTFd2RbZnsSCNd4,

11 a compound belonging to
u-type BEDT-TTF organic salts.12 The systematic study of
the theoretically proposed phase diagram of the Row model
requires a class of materials which allow theJ1/J2 ratio to be
tuned. For example, the spatial anisotropy may be achieved
by considering a chain material, where the exchange interac-
tion along the chains is mediated by covalent bonds, while
hydrogen bonds among the chains create exchange paths in
the other direction. In this work, the thermodynamic quanti-

ties and electron spin resonance spectra of the title com-
pound are reported. This material possesses the aforemen-
tioned structural features that are potentially consistent with
spatial anisotropy of the exchange interaction. The analysis
of the thermodynamic data and electron spin resonance
sESRd spectra confirms this expectation and supports the
identification of the studied material as anS=1/2 Heisen-
berg antiferromagnet in which exchange interactions are me-
diated predominantly by a square network of hydrogen
bonds.

II. CRYSTAL STRUCTURE AND ORBITAL
INTERACTIONS

CusH2Od2sendSO4, en=sC2H8N2d, crystallizes in the
monoclinic space groupC2/c, with unit cell parameters
a=7.232s1d Å, b=11.752s2d Å, c=9.768s1d Å, b
=105.50s1d°, Z=4.13 The structure is built of neutral chains
running along thea axis fsee Figs. 2sad and 2sbdg. The para-
magnetic CusII d ion is located in a distorted octahedron. The
tetragonal distortion is manifested by the different bond
lengths between CusII d ions and ligands in the equatorial
plane fCu−NC2H8N2

=1.984s2d Å,Cu−OH2O=1.976s2d Åg
and apical positionsfCu−OSO4

=2.498s2d Åg. The paramag-

FIG. 1. Schematic plot of a triangular lattice with spatially an-
isotropic exchange couplings. The exchange interactionJ1 extends
in the aW1 direction, whereas the exchange interactionJ2 propagates
alongaW2 andaW3.
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netic CusII d ions are linked by covalent bonds via a diamag-
netic fSO4g2− unit in the chain direction. A closer inspection
of the structure reveals the presence of hydrogen bonds link-
ing the CusII d ions in adjacent chains from theab layer.
These hydrogen bonds are located between the oxygen atoms
from thefSO4g2− units and the oxygen atoms from the water
molecules from the neighboring chains, see Fig. 2sad. The
CusII d ions in one chain are shifted bys1/2,1/2d with re-
spect to those from the adjacent one, thus the covalent and
hydrogen bonds effectively create triangular layers with two
kinds of exchange paths. Additional hydrogen bonds have
also been found linking the CusII d ions from the adjacent
layers fsee Fig. 2sbdg. More specifically, the neighboring
chains in theac plane are linked by the hydrogen bonds
between the oxygen atoms from thefSO4g2− units and the
nitrogen atoms from theen in the neighboring chains. Con-
sidering the geometrical parameters of a hydrogen bond
X–H¯A formed betweenX andA atoms, namely, the result-
ing bond lengths and angle/XHA, the hydrogen bonds be-
tween the layers are much weaker than those within the
layers.14 Although from a structural point of view the hydro-
gen bonds are much weaker than covalent ones, the hydro-
gen bonds are known to significantly influence the magnetic
properties of the system.15,16

The resultant ratio of the exchange interactionsJ1/J2 me-
diated by covalent and hydrogen bonds will be significantly

influenced by the symmetry of the wave function of the un-
paired electron of the CusII d ion. For a CusII d ion placed in
the axially deformed octahedron, the unpaired electron can
be described by the wave function with eitherdx2−y2 or dz2

symmetry, where thex andy axes are defined along the Cu-
O and Cu-N bonds in the equatorial plane and thez axis is
normal to the plane. Since the lobes of thedz2 orbitals are
oriented along the chains, the overlap with the orbitals of
appropriate symmetry from thefSO4g2− group will lead to
the enhancement of intrachain coupling. In contrast, the in-
trachain interaction is reduced if the unpaired electron is lo-
cated in thedx2−y2 orbital whose lobes are located in the basal
plane. In this situation, the interchain exchange coupling me-
diated by the hydrogen bonds should be increased. Although
the pronounced elongation of the octahedron revealed by the
structural studies at room temperature suggests the second
possibility, the corresponding low-temperature investigation
of the CusII d environment must be performed before using
this conjecture in the interpretation of the experimental data.

III. EXPERIMENTAL DETAILS

Q-band ESRsl<4 mm, f <73 GHzd experiments were
performed using a powder sample cooled between 4.2 and 20
K, where the temperature was measured to60.1 or60.5 K,
below and above 15 K, respectively. A spherical sample with
a diameter of about 1 mm was formed by using GE 7031
varnish and was placed in the cylindrical cavity resonator
operating in the TE013 mode.

Static magnetic susceptibility and magnetization measure-
ments of powdered samples were performed in a commercial
superconducting quantum interference device magnetometer.
The susceptibility studies were performed in a magnetic field
of 1 kG while the temperature was varied from 2 to 300 K,
whereas the dominant part of magnetization work was done
at 1.8, 5, and 10 K, while varying the field from 0 to 50 kG.
More detailed analysis of the data required subsequent mag-
netization measurements at 1.8 K up to 70 kG. Several small
pieces of a pellet, which were obtained by pressing a powder
sample, provided a total mass of 85 mg and were placed in a
gelcap which was held by a straw. The diamagnetic contri-
bution of the background, which was measured in an inde-
pendent run, was subtracted from the total signal.

A Lake Shore system, Model 7225, was used for the mea-
surements of the ac magnetic susceptibility. Both real and
imaginary components were measured in the frequency
range from 125 Hz to 2 kHz and the amplitude of the driving
field was equal to 5 G. The measurements were conducted in
the temperature range from 2 to 15 K.

Using a relaxation technique in a commercial dilution re-
frigerator, specific heat measurements were conducted with a
95 mg powder sample pressed in the form of a pellet. A
RuO2 thermometer, Dale RC 550 of about 4.7 kV,17 was
calibrated against a commercial Lake Shore thermometer,
Model GR 200A-30. A silver wire, 40mm in diameter and
7-cm long, was used as a link between the cold thermal
reservoir and the platform containing the sample, thermom-
eter, and a strain gauge heater. The specific heat measure-
ment of a 59 mg bundle of small single crystals, each with

FIG. 2. Crystal structure of CusH2Od2sendSO4 in sad ab andsbd
ac planes. The chains are running along thea axis. The hydrogen
bonds connecting the chains are denoted by dashed lines.
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approximate dimensions of 0.830.230.1 mm3, was con-
ducted in the same experimental setup. The specific heat was
measured with a maximum experimental error of about
6%.18

The particle size analysis was performed with a commer-
cial device manufactured by Malvem Instruments. The dis-
tribution in the size of the grains in a typical powder sample
was studied in the size range from 0.02 to 2000mm.

IV. RESULTS AND DISCUSSION

The ESR spectra are of a form that is standard for a num-
ber of randomly oriented small single crystals, each of them
reflecting the axial symmetry of the surroundings of a tran-
sition metal ion withS=1/2, and atypical absorption band is
presented in Fig. 3. The spectrum represents a rather wide
absorption band beginning from the value of the resonant
magnetic fieldBi corresponding togi of the CusII d magnetic
ion and ending with a narrow peak atB' corresponding to
the g' value.

Numerical studies of the measured ESR spectra were per-
formed over the whole absorption band for each spectrum. In
the numerical analysis,DB, g', andgi were used as param-
eters at each temperature, andDB, the linewidth of the reso-
nance line of each single crystal, was assumed to be inde-
pendent of the orientation of the single crystal. The best fit
was obtained wheng'=2.064±0.002 andgi=2.315±0.003,
and to within 0.1%, these values were independent of tem-
perature from 4.2 to 20 K. In contrast,DB increases signifi-
cantly at the lowest temperature, see inset in Fig. 3. Since the
study of the anisotropy of theg factor confirmed that the
strong elongation of the octahedron prevails down to the
lowest temperatures, the enhancement of the coupling via the
hydrogen bonds can be expected. In addition, the steep in-
crease of the ESR linewidth below 10 K is consistent with
the development of short-range magnetic correlations.

After subtracting the core diamagnetic contribution, ap-
proximated by using Pascal’s constants and found to be equal
to −123.1310−6 emu/mol, the susceptibility data above 15
K were fit by the Curie-Weiss law, see inset in Fig. 4. This fit

yielded g=2.09±0.04 andu=−3.3±0.1 K, the latter con-
firming the presence of antiferromagnetic interactions. The
behavior of the susceptibility below 15 K is characterized by
a round maximum observed at 2.5 K, see Fig. 4. It should be
noted that the observed temperature dependence of the mag-
netic susceptibility is consistent with the behavior of the line-
width of the ESR resonance line. In order to estimate how
the two different exchange paths contribute to the resulting
magnetic coupling, the susceptibility was analyzed in more
detail.

A paramagnetic CusII d ion is a rather good example of a
Heisenberg ion, and therefore our material can be described
by the Heisenberg Hamiltonian for a triangular lattice,4

namely,

H = − 2J1o
i,a

Si ·Sa − 2J2o
i,b

Si ·Sb, s1d

wherea= i +1, b= i +1 for sites adjacent to theith site in the

direction of the unit vectors in the horizontalsa1
W d and ob-

lique sa2
W ,a3

W d directions, respectively. Since, to our knowl-
edge, there are no quantum-mechanical calculations for the
specific heat and the susceptibility of the Row model, the
limiting models were applied for the analysis of the low-
temperature susceptibility, and this approach was also ap-
plied in Ref. 19. More specifically, the susceptibility data
were compared with numerical predictions for a Heisenberg
chain possessing antiferromagnetic coupling20 and with re-
sults from a high temperature series expansion for a two-
dimensional s2Dd Heisenberg antiferromagnetsHAFd on
square21 and triangular lattices.22 In the analysis for each
model, the value of the exchange coupling was tuned until
the position of the calculated maximum of the susceptibility
coincided with the one observed in the experimental data. As

FIG. 3. Resonance spectrum of powder CusH2Od2sendSO4 stud-
ied at 4.2 K and 72.810 GHz. The solid line represents the results of
a least-squares fit. Inset: temperature dependence of the linewidth of
the resonance line.

FIG. 4. Temperature dependence of the susceptibility of
CusH2Od2sendSO4 scirclesd at low temperatures. The theoretical
prediction for a 1D Heisenberg antiferromagnetic chain withg
=2.15, J/kB=−2 K is denoted by the dashed line. The solid and
dotted lines represent predictions for a spatially isotropic 2D
Heisenberg antiferromagnet on a square lattice withg=2.15,J/kB

=−1.3 K and on a triangular lattice withg=2.15, J/kB=−4.4 K,
respectively. Inset: high-temperature susceptibility datassquaresd
analyzed using the Curie-Weiss law, and the result is given by the
solid line.
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can be seen in Fig. 4, if we use the averageg value obtained
from the ESR data, i.e.,g=2.15, the data are best reproduced
by the model for a 2D HAF on a square lattice withJ/kB=
−1.3 K. This fact may indicate that the magnetic behavior of
the system may be approximated by 2D HAF on a square
lattice. However, since the theoretical predictions for the
HAF chain model withg=2.15,J/kB=−2 K and for the 2D
HAF on a square lattice withg=2.15,J/kB=−1.3 K are quite
similar, the identification of the system based only on the
susceptibility data may be ambiguous. Nevertheless, the re-
sults suggest that CusH2Od2sendSO4 is not a representative of
an S=1/2 Heisenberg magnet on a spatially isotropic trian-
gular lattice.

It is well known that for a number of geometrically frus-
trated magnets, a small amount of structural disorder can
induce a spin-glass transition.1 The possible presence of a
spin-glass state was experimentally explored by ac suscepti-
bility measurements performed from 2 to 15 K. Since these
ac results are independent of frequency and identical with the
static measurements, the existence of a spin-glass state above
2 K seems to be unlikely.

The field dependence of the magnetization was measured
up to 50 kG at 1.8, 5, and 10 K, and the results are presented
in Fig. 5. The experimental data obtained at 1.8 K are char-
acterized by upward curvature, which is absent in the data
studied at higher temperatures. The magnetization data were
compared with the Brillouin function describing anS=1/2
paramagnet withg=2.15 obtained from the ESR data dis-
cussed previously. The comparison confirms the presence of
antiferromagnetic coupling that tends to decrease the total
magnetization when compared with a paramagnetic system.
More detailed analysis has been performed by comparing the
numerical calculations of the magnetic field dependence of
the magnetization at zero temperature and experimental data
obtained at 1.8 K in magnetic fields up to 70 kG, see Fig. 6.
Specifically, the calculation of the magnetization was per-
formed with a finite HAF chain23 and with a 2D HAF on a
square lattice.24 Since the value of the saturation magnetic
field Bsat could not be achieved experimentally,Bsat was es-
timated in the mean field approximation as25

Bsat=
2zuJu
gmB

, s2d

wherez represents the number of the nearest neighbors and
mB stands for the Bohr magneton. Using the values of theJ
and g parameters obtained from susceptibility and ESR
analysis, respectively,Bsat was estimated to be 55 kG for the
Heisenberg chain and 72 kG for the 2D HAF on a square
lattice. The comparison suggests that the curvature of the
experimental data is better described by the prediction for the
2D system. However, the good agreement between the pre-
diction for the 2D system and experimental data should be
interpreted with caution since mutual cancellation of finite
temperature effects,25 an inaccurate determination ofBsat,
and the potential deviation from the behavior predicted for a
2D HAF on a square lattice cannot be ruled out.

Specific heat studies of a powder sample were conducted
from nominally 100 mK to 9 K. The magnetic specific heat
displays a round maximum at 1.8 K, whereas al-like
anomaly, associated with the long-range ordering, appears at
TN=0.91 K, see Fig. 7. Since the compound is a magnetic
insulator, only magnetic and lattice contributions are consid-
ered in the analysis. After subtracting the lattice contribution
using the Debye approximation, the magnetic entropy was
calculated numerically. Standard extrapolations were used to
cover the whole temperature interval, and the calculation
yielded 5.95 J/sK mold, which is close to the theoretical
value R lns2S+1d=5.76 J/sK mold for an S=1/2 system.
The amount of entropy removed by short-range correlations
represents about 80% of the total entropy and is strong evi-
dence of the low-dimensional character of the magnetic cor-
relations in this material.

The round maximum in the experimental specific heat
data, which can be attributed to short-range correlations, was
also analyzed using the aforementioned limiting models. The
specific heat data were compared with the numerical predic-

FIG. 5. Magnetic field dependence of magnetization of
CusH2Od2sendSO4. The experimental data acquired at 1.8ssquaresd,
5 scirclesd, and 10 Kstrianglesd are compared with the correspond-
ing predictions from the Brillouin function for 1.8sdash-dotted
lined, 5 sdashed lined, and 10 Ksdotted lined with g=2.15, as ob-
tained from the analysis of ESR data.

FIG. 6. Magnetic field dependence of the magnetization of
CusH2Od2sendSO4 studied at 1.8 K. The experimental data
ssquaresd are compared with the numerical predictions usingg
=2.15 calculated at zero temperature for a Heisenberg antiferromag-
netic chain with saturation fieldBsat=55 kG sdashed lined and for a
2D Heisenberg antiferromagnet on a square lattice withBsat

=72 kG ssolid lined. See text for a more detailed discussion.
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tions for a HAF chain26 and with the results from high-
temperature series expansions for a 2D HAF on square21 and
triangular lattices.22 Similarly as for the susceptibility, the
comparison of the data with the prediction for anS=1/2
HAF on an isotropic triangular lattice confirmed that
CusH2Od2sendSO4 does not represent such a system, and the
behavior of the data can be better approximated by the pre-
dictions for a 1D HAF chain withJ/kB=−1.8 K and a 2D
HAF on a square lattice withJ/kB=−1.4 K. The deviation of
the data from the aforementioned models could be caused by
several mechanisms which are discussed below.

Since the studied material magnetically orders atTN
=0.91 K, the effect of long-range ordering could be respon-
sible for the observed discrepancy. Taking into account that
the critical region aroundTN can be confined touT−TNu /TN
,10−1, which for the studied material covers the temperature
range from nominally 0.8 to 1.0 K, it is obvious that the
deviation persists high above the critical region. However, as
confirmed by the analysis of specific heat and susceptibility
of a number of prototype Heisenberg chain materials and
Heisenberg antiferromagnets on square lattices, the devia-
tions from the corresponding model predictions appear in the
region where ordering occurs and at lower temperatures.27

This observation suggests that 3D ordering effects should not
have a significant influence in the region where short-range
correlations are formed.

As far as single-ion effects are concerned, only anisotropy
in the g factor is induced by crystal electric fields for anS
=1/2 system. This effect is manifested in the anisotropy of
exchange interactionDJ and a coarse estimate isDJ/J
=fsgi−g'd /gavg2, wheregav represents the average value of
the g factor.27 Using the results of the analysis of the ESR
spectra, the anisotropy of the exchange interaction in
CusH2Od2sendSO4 is estimated asDJ/J<0.014. A recent

quantum Monte Carlo study of anS=1/2 weakly anisotropic
2D HAF system on a square lattice28 confirmed that, for 1%
easy axis anisotropy and temperatures higher than 0.31J, the
specific heat data for the anisotropic and isotropic systems
coincide. Consequently, the single-ion effects can be ruled
out as a source of the aforementioned discrepancy.

Dipolar interactions represent another mechanism which
may be considered. If the structure and type of magnetic ion
are known, the estimation of the dipolar interaction is
straightforward. Using the same approach as in Ref. 31, the
magnitude of the dipolar coupling between adjacent layers in
CusH2Od2sendSO4 is Jdip<3 mK. Since the magnetic spe-
cific heat originating from dipolar interactions appears only
in a temperature region comparable with the magnitude of
dipolar coupling,29,30 in the studied material the resulting
value ofJdip enables one to assume that dipolar coupling is
not likely to contribute to short-range correlations at 1.8 K.
Therefore, it may be stated that specific heat data in the
region of the broad maximum will not be significantly influ-
enced by dipolar interactions.

Next, the effect of the powdered nature of the sample is
discussed. If the magnetic correlation length becomes com-
parable with the dimensions of the grains in the powder, the
magnetic properties will start to deviate from those investi-
gated on a single crystal. In order to clarify the situation in
the studied material, the distribution in the size of the grains
was investigated. The study revealed that the particle size
distribution covers the range from 0.95 to 240mm, and par-
ticles with sizes outside the aforementioned range were not
detected. The resulting distribution can be characterized by a
broad Gaussian distribution peaked at 65mm and with a half-
width of 135mm. The result suggests that a statistically in-
significant number of grains may have dimensions compa-
rable to the correlation length at the critical temperature, the
magnitude of which is estimated below. In addition, the spe-
cific heat calculated numerically for finite 1D clusters20 con-
firmed that in the vicinity of the broad maximum, the differ-
ence in the specific heat of a cluster containingN=11 spins
and the specific heat estimated in the thermodynamic limit is
much smaller than the deviation of observed in the experi-
mental results and considered in the theoretical models. Con-
sequently, it may be assumed that powder nature of the stud-
ied sample will not have pronounced effects on the specific
heat data. This assumption was verified by a specific heat
study from 0.4 to 3 K using a bundle of small single crystals.
The comparison of the data obtained with the powder and the
single crystals is presented in Fig. 7 and confirms the size
sensitivity of the critical behavior on the dimensions of the
grains. In contrast, the powder nature of the sample does not
seem to be significant in the region of short-range ordering.
Therefore, the finite dimensions of the grains do not seem to
represent the main mechanism leading to the discrepancy
between the data and the theoretical models.

It may be assumed that spatial anisotropy of the exchange
interaction could contribute to the deviation of the specific
heat data from the aforementioned limiting models. Unlike
the susceptibility, the value of the specific heat maximum
represents a constant which is characteristic for each theoret-
ical model. Therefore it seems that specific heat may be more
sensitive to the potential presence of spatial anisotropy in the

FIG. 7. Temperature dependence of magnetic specific heat of
CusH2Od2sendSO4 powdersempty circlesd and single crystalssfull
squaresd. The theoretical prediction for a 1D Heisenberg antiferro-
magnetic chain withJ/kB=−1.8 K is denoted by solid line. The
predictions for a spatially isotropic 2D Heisenberg antiferromagnet
on a square lattice withJ/kB=−1.4 K and on a triangular lattice
with J/kB=−2.2 K, are represented by the dashed and dotted lines,
respectively. See text for a more detailed discussion.
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exchange interaction. However, without corresponding
theoretical predictions, the character of the spatial anisotropy
can only be qualitatively estimated. The results of the analy-
sis of the susceptibility and magnetization suggest that
CusH2Od2sendSO4 behaves similar to a 2D HAF on a square
lattice. Consequently, it may be expected that the exchange
coupling mediated by the hydrogen bonds will be much
stronger than that mediated by the covalent bonds in the
fSO4g2− unit, i.e., J2@J1. This possibility is further sup-
ported by the low-temperature ESR study, where the un-
paired electron was found to be described by the wave func-
tion with dx2−y2 symmetry. The same conclusion is also
drawn from a study comparing the present results with those
obtained from CusH2Od2sphendSO4, a material with bond
lengths and angles in the linkingfSO4g2− unit nearly identi-
cal to those in CusH2Od2sendSO4, but with an altered net-
work of hydrogen bonds.32 The fact that changing the ar-
rangement and strength of the hydrogen bonds leads to a
significant decrease of the exchange interaction in
CusH2Od2sphendSO4 supports the minor role of thefSO4g2−

unit in mediating the exchange coupling.
When considering the weak hydrogen bonds between the

layers, it might be assumed that the interlayer exchange in-
teraction can be responsible for the onset of long-range or-
der. The degree of isolation of the layers is manifested in the
value of the intralayer correlation lengthj at the critical tem-
perature. The correlation length exponentially increases at
low temperatures and may be written as25

j

a
=

e

8

c/a

2pr
expS2pr

T
DF1 − 0.5

T

2pr
+ OS T

2pr
D2G , s3d

wherec=1.657Ja and r=0.18J sRef. 33d represent the nor-
malized spin-wave velocity and spin-stiffness constants, re-
spectively, anda stands for the lattice parameter. For
CusH2Od2sendSO4, the correlation length at the critical tem-
perature is found to bej /a<14 sRef. 34d. For a pure 2D
Heisenberg antiferromagnet with weak interlayer coupling,
true 3D ordering occurs at the temperature given approxi-
mately by the criterion35

TN < J8sj/ad2. s4d

Using this expression, withj /a=14 andTN=0.91 K, yields
J8 /kB<4.5 mK. The high ratio between intralayer and inter-
layer couplingssJ/J8<300d confirms the weakness of the
hydrogen bonds between the layers.

The resulting value ofJ8 is comparable with the magni-
tude of the dipolar coupling between CusII d ions from adja-
cent layersJdip<3 mK. The comparison suggests that both
the interlayer exchange interaction and the dipolar coupling
contribute to the onset of long-range ordering atTN
=0.91 K.

V. CONCLUSIONS

Herein, we presented a detailed study and analysis of the
structure, thermodynamic properties, and magnetic reso-
nance of CusH2Od2sendSO4. The results of the analyses of

the thermodynamic quantities and ESR spectra, together with
the comparative study of CusH2Od2sphendSO4,

32 suggest that
CusH2Od2sendSO4 represents a quasi-two-dimensionalS
=1/2 Heisenberg antiferromagnet with pronounced spatial
anisotropy of its exchange interaction. More specifically, the
fact that the magnetic properties can be reasonably approxi-
mated by predictions for anS=1/2 2DHeisenberg antiferro-
magnet on a square lattice confirms that exchange coupling
sJ/kB=−1.4 Kd is mediated predominantly by a square net-
work of hydrogen bonds, whereas thefSO4g2− unit plays
only a minor role. Consequently, CusH2Od2sendSO4 might be
located in the region of the phase diagram where collinear
Néel-type ordering, characteristic for nonfrustrated and par-
tially frustrated lattices, persists in the ground state.

The interlayer exchange interaction and dipolar coupling
are proposed to be responsible for the long-range magnetic
ordering observed atTN=0.91 K. The estimated ratio of the
intralayer and interlayer exchange couplings suggests that
CusH2Od2sendSO4 can be considered as a material appropri-
ate for experimental studies of 2D Heisenberg magnets.

Although a systematic study of the correlation between
the energy of the hydrogen bonds and the spatial arrange-
ment of the participating atoms has been conducted,14 to our
knowledge, little is known about the possibilities of tuning
the exchange coupling via hydrogen bonds. On the other
hand, the role of thefSO4g2− unit and the hydrogen bonds in
mediating the exchange coupling could be clarified by sys-
tematic studies of the structural and thermodynamic proper-
ties of materials from the CusH2Od2sXdSO4 series sX
=imidazole, bipyridine, nicotinamided. Obviously, the exis-
tence and the strength of the hydrogen bonds will be influ-
enced by the volume and the type of theX unit. In addition,
if a smaller distortion of the octahedron is achieved, then
enhanced exchange coupling along the chains can be ex-
pected. This enhancement will occur because the unpaired
electron from CusII d ion will occupy the dz2 orbital with
higher probability. Alternatively, in compounds from the
NisH2Od2sXdSO4 class, if successfully synthesized, such an
enhancement should be apparent since, for a NisII d ion in
octahedral surroundings, the two unpaired electrons occupy
both thedx2−y2 and thedz2 orbitals. If the modification of the
exchange couplings in the various directions can be success-
fully achieved in the aforementioned way, then it will pro-
vide a means to change the position of the studied material in
the phase diagram proposed for the systems described by the
Row model. This interesting possibility is worthy of addi-
tional experimental effort.
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