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Single-crystal magnetic susceptibilities of the title compound as
a function of the magnitude and orientation of the magnetic field
are reported. The temperature behavior of y above the phase
transition is described in terms of the Bonner-Fischer model for
linear chains. On the basis of the experimenta) results and calcula-
tions within the Hiickel model, it may be concluded that linear
magpetism arises from pronounced antiferromagnetic exchange
coupling of Cu(2) sites within chains parallel to the crystallographic
b-axis.  © 1995 Academic Press, Inc.

I. INTRODUCTION

The optical and structural properties of layered transi-
tion metal hydroxide nitrates have been extensively stud-
ied (1-4). However, little attention has been paid to their
magnetic behavior. In this respect, the monoclinic com-
pound Cu(OH);NO; is an interesting model system. Its
structure (3) is similar to that of Mg(OH),, where one-
fourth of the OH ™ groups are substituted by nitrate ligands
in an ordered way. Copper(1l) occupies two nonequiva-
lent positions. Site one [Cu(l)] is coordinated by four
equatorial OH~ groups and two NO; groups in trans
positions. In site two, [Cu(2)] is coordinated by five OH™
groups and one NO; group. The Cu(l) and Cu(2) sites
form chains parallel to the crystaliographic b-direction.
The bridging geometry of the Cu(1)O; octahedra consists
of one OH™ group and one oxygen from the NOy group
(Fig. 1), while the Cu(2)O4 octahedra are connected by
two OH™ groups to each other. Neighboring Cu(1) and
Cu(2) are bridged in two different ways (via two hydroxo
groups or via one hydroxo group and an oxygen atom
of the NO,-group), alternating along the direction of the
b-axis.

Magnetic interactions in dihydroxo-bridged Cu?* di-
mers have been extensively studied, both experimentally
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(6) and theoretically (7). The magnetic coupling changes
from ferromagnetic to strong antiferromagnic with in-
creasing Cu—OH—Cu bridging angle. On the basis of the
structural data (bridging angles « varying between 100°
and 110°), it is therefore expected that antiferromagnetic
coupling between Cu centers will take place, and this
was supported by recent ESR measurements (8) on
Cu(IT)-Mg(II) hydroxide nitrate solid solutions, How-
ever, the CuQ, polyhedra are rather distorted, and no
quantitative arguments about the magnetic exchange be-
tween the various Cu ions could be made. The exchange
coupling between magnetic ions in a regular triangular
arrangement is known to be the subject of a strong frustra-
tion interfering with the magnetic ordering (9a). In particu-
lar, systems such as Cu(Il) with § = § have been found
to be subject to large quantum fluctuations without long-
range order in the ground state (9b). It was therefore
interesting to see how the presence of alternating Cu(l)
and Cu(2) chains within a sheet in Cu(OH);NO; and with
possibly different exchange constants could modify the
magnetic behavior of such systems.

Here we report on single-crystal magnetic susceptibility
measurements as a function of the temperature, and the
dependence of x,, on the magnitude and direction of the
magnetic field. This information will be used together
with a theoretical analysis in order to gain information
about the exchange coupling between Cu®* centers in
Cu(OH);NQ;. We intend to show that the magnetic behav-
iour is governed by antiferromagnetic coupling in the
chains of bi-hydroxo-bridged Cu(2) ions and weaker ex-
change coupling within the Cu(l) chains and exchange
between Cu(1) and Cu(2). Thus we deal with a unique
example of a linear magnetic system within a layered
structure of magnetic ions.

II. EXPERIMENTAL

H.1. Sample Preparation

Water solutions of 2 M Cu(NO,), and 1 M Mg(NO,), were
mixed in a volume ratio of 1:1 and filled in a platinum
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FIG. 1.

c-axis,

Structural sketch of the Cuy(OH);,NO; layers along the

autoclave; 0.6 g of Cu chips was added to 14 ml of the
above mixed selution. All substances used were of “‘pro
analysi’ quality. The autoclave was scaled and held at
300°C for 14 days at an autogenious pressure of =84 bar.,
Large (upto 5 x 3 x 0.4 mm) transparent green thin plates
were obtained. The crystals were washed with water and
dried at 80°C.

I1.2, Chemical Analysis

Qualitative chemical analysis with a scanning electron
microscope showed no traces of Mg in the crystals.

I1.3. X-Ray Diffraction Analysis and Sample Mounting

X-ray powder analysis revealed a diffraction pattern
identical with the monoclinic structure of Cu,(OH);NO,
found by Effenberger (5).

A crystal of a size 2 X 1 X 0.3 mm was oriented by
using a Biirger precession technique with respect to the
crystallographic axes a, b, and ¢* (Fig. 2). Since the
monoclinic angle 8 = 94°29" differs only slightly from
90°, in the subsequent discussion we assume that within
the error limits (adjustment of the crystal in the magnetic
field within 2°) c* is identical to c. For single-crystal mag-
netic measurements, the crystal was embedded in the
synthetic resin Araldite [Bisphenol-A-(Epichlorhydrin)
Epoxy Resin MW = 700, available from Ciba Geigy].
For the high-temperature measurements up to 400 K, a
powdered sample in a quartz holder was used.

4. Magnetic Susceptibility Measurements

Single-crystal magnetic susceptibilitiecs at field
strengths of 50 G, 10 kG, and 30 kG and a field direction
parallel to the a, b, and c{(c*) axes were measured between

1.8 and 400 K using a SQUID magnetometer (Quantum
Design). At 5 K, field dependence measurements in all
three crystallographic directions have been made from
zero field up to 50 kG, Diamagnetic corrections were
made for the Araldite sample holder (empirically) and the
sample itself (10).

I1.5. Model Calculations

Exchange coupling energies between Cu’* centers
were calculated within the extended Hiickel (EH) model
(11) using the approach of Hay e al. (12). Within this
method, the coupling between two equivalent magnetic
orbitals ¢, and ¢,, b, is approximated by their energy
splitting AE in forming the corresponding molecular or-
bitals:

b, = AE/2. (]

Exchange coupling of orbitals located at magnetically

" inequivalent sites (e.g., Cu(1)=C(2)) can be deduced from

the expression
by, = [(E, — xNE; — x]", 2]

where x is the MO energy of the Cu(1)-Cu(2) dimer, while
E, and E, are the baricenter energies of Cu(l) and Cu(2)
in the Cu(1}-Cu(1) and Cu(2)-Cu(2) dimers, respectively.
The singlet—triplet energy separation 2J,, is calculated
from by, and the Coulomb repulsion energy U as follows:

J12 = _bezll U. [3]
Extended Hiickel calculations were performed using a

computer program by Calzaferri et al. (13). A full account
of the exact geometry of nearest neighbor surroundings

FIG. 2. Single-crysial orientation with respect to the crystalio-
graphic axes.
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TABLE 1
Atomic Parameters for MO Calculations

Atom Orbital H; (eV) L & et ¢t
Cu 3d —-14.00 595 2.30 0.593 0.574

45 —-11.4 2.2 — 1.0 —

dp —6.06 22 — 1.0 —

0 2p —-14.8 2.275 — — —

N 2p —-134 1.95 — — —

H s -150 2.20 — — —

of Cu(l) and Cu(2) (Fig. !} was made on the basis of
atomic coordinates from structural data (5). Atomic or-
bital energies and wavefunction exponents are specified
in Table i.

III. RESULTS AND DISCUSSION

Hi.l. Magnetic Susceptibilities

The magnetic susceptibility of a powdered sample as a
function of the temperature at a field strength of 10 G is
given in Fig. 3. The data show a maximum at about 7 K.
The high-temperature part follows Curie—Weiss behavior,
as seen by the I/y versus T plot in the same figure. An
effective moment of 1.75 ug of Cu(2+) is found. This
value corresponds to an essentially unchanged spin-only
value {§ = 4, p = 1.73up). The Curie—Weiss constant
(8, = —8(1) K} is in agreement with an antiferromagnetic
coupling interaction.

3

No effective difference of the magnetic susceptibility
was noticed at 30 kG. The single-crystal magnetic suscep-
tibility y as a function of temperature at # = 10 and 30
kG with a magnetic field parallel to the 4, b, and ¢ and
crystallographic axes is shown in Figs 4a, 4b, respec-
tively. There is a clear difference in the behavior of the
magnetic susceptibility in the low-temperature region (be-
low the maximum) for the two settings of the magnetic
field. It seems that at H = 30 kG, the internal magnetic
coupling which is particularly pronounced in the H || b
curve at H = 10 kG, is overpowered by the applied field.
The slight susceptibility increase with decreasing temper-
ature is indicative of a prevalent antiferromagnetic cou-
pling along the bA-direction, i.e., parallel to the
Cu{1)-Cu(1} and Cu{2)~-Cu(2) chains with possible spin
orientations perpendicular to . A small difference is also
seen for H || @ and H || ¢ directions. It is noteworthy
that there is a reasonably reproducible reversibility of the
temperature behavior of the susceptibility, as illustrated
in Fig. 5 for a magnetic field of 50 G with H along the
c-direction. Similar reversibility is also obtained for
H | a and H | b, thus indicating no or a negligible ferromag-
netic component.

Field dependence measurements gave no indication of
a frustrated system.

I11.2. Magnetic Exchange Coupling in Cu,({OH)RNO,

We restricted the consideration to dimeric pairs, taking
full account of the coordination geometry (Fig. 1). A list
of coupling energies and antiferromagnetic exchange con-
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FIG. 3. Powder magnetic susceptibility dependence on temperature (1.8-400 K); # = 10 kG.
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TABLE 2
Coupling Energies and Antiferromagnetic Exchange Constants for Cu’* Dimers in Cu,(OH);NO,

Cluster Bridging atoms x. (eV) x, {&V) E (eV) AE Ji em™N)e
Cu(1)-Cu(l) OH-, ONOy —12.957 —12.783 —12.870 0.174 —-24
Cu(2)-Cu(?) 20H" —13.174 -12.799 —12.986 0.375 —111
Cu(1)-Cu(2) 20OH" —-13.024 —12.815 —12.919 0.180 -26
Cu(2)-Cu(1) OH-, ONO; —13.061 -12.799 —12.930 0.234 —43

¢ Calculated with a [/-value for Cu?* of 5.1 eV: see J. Zaanen and G. A. Sawatzky, J. Solid State Chem. 88, 8-27 (1990).
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FIG. 4. Single-crystai low-temperature magnetic susceptibility dependence on temperature (1.8-30 K). The slight differences of the susceptibili-
ties at higher temperatures are due to adjustment varations. {a) H = 10 kG; (b) H = 30 kG.
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FIG. 5. Reversibility of low-field (H || ¢, 50 () magnetization vs temperature.

stants for Cu dimers is given in Table 2. Our results clearly
show that for an environment which takes full account
for the H and NO, moiety attached to the ligating oxygen
atoms, the coupling of the bi-hydroxo-bridged Cu(2) ions
is dominant followed by a less effective coupling between
the Cu(1)—Cu(1) and Cu(1)-Cuf{2) magnetic centers. The
same qualitative result is obtained if only nearest neigh-
bors coordinated to Cu** (i.e., CuQ, polyhedra) are taken
into account.

1.3, Discussion

The superexchange coupling of Cu?* ions within the
chains manifested by the y vs T dependence on the one
hand, and the low temperature of the susceptibility
maximum (T = 7 K) on the other hand, suggest that
Cu,(OH);NO, has the behavior of a low-dimensional sys-
tem (14, 15).

We studied the effect of spin coupling between the
various pairs of Cu** ions [Cu(2)-Cu(2), Cu(1)—Cu(2),
Cu(1)-Cu(1)] on the magnetic behavior, calculating ex-
plicitely spin multiplet energies and magnetic susceptibili-
ties vs temperature for a cluster of Cu®*, s = 4 spins with
the following topology:

CU(l): | ——J—2——J——3—— ——4
\ /\ /\
ab ah Jab ‘]ah ‘]ah

N N/ N/ N\

CUQ): S——d—6—J—T——J——8

In order to account for the periodicity condition, interac-

tion terms between pairs of magnetic ions (1, 4) (5, 8),
and (1, 8) (via J,, J,, and J_,, respectively) have been
introduced. Applying the exchange operator to the mani-
fold of the 256 spin functions, it was possible to study
explicitely the effect of the sign and magnitude of
the model parameters J [Cu(1)-Cu(1)], J,[Cu(2)-Cu(2}],
J., [Cu(1)-Cu(2), bringing via two OH-groups], and
J o [Cu(1)-Cu(2), bridging via one OH~ and one NO;-
group} on the temperature dependence of the magnetic
susceptibility.

A maximum in the susceptibility curve at low tempera-
tures, as found by the experiment, could be only achieved
by an antiferromagnetic interaction within one of the
chains, accompanied by a far weaker antiferromagnetic
coupling in the other chain. This is supported by the calcu-
lated exchange coupling constants within the EH model,
suggesting that it is the Cu(2)-Cu(2) (J,) coupling which
has to be attributed to the stronger antiferromagnetic cou-
pling, while both Cu(1)-Cu(1) (J,) and Cu(1)-Cu(2) (J,,,
J!,) are to be ascribed as the weaker interactions. Qur
susceptibility plot shows (Fig. 6) that increasing the ex-
change coupling between Cu(l1)-Cu(1) and Cu(1}-Cu(2)
pairs [fixing the larger antiferromagnetic Cu(2)—Cu(2) cou-
pling at J, = — 10 cm~!] leads to a shift of the maximum
of the susceptibility to higher temperatures, accompanied
by a lowering of y,.,. This is a convincing argument in
favor of an one-dimensional model compared to a two-
dimensional one (with comparable values of the coupling
energies between the different Cu?~™ ions). On the basis
of our results, we can also exclude ferromagnetic coupling
for Cu(1)-Cu(1) and Cu(2)—Cu(2} pairs, in which case the
maximum in the susceptibility curve completely disap-



6 LINDNER, ATANASOV, AND PEBLER

49 r- T T T T T T T T 7
A |
35 . .
.
.
. 30 - g
a -
2 .
n
1 *
[+
N
E * *
25 -
H -
- +
° .
@ .
@ -
vy ca |-+ . .
x T e
.
> .
» H .
bt
: e 4
2 15 ;
+ H
Y i
l., . ‘f
] ICN S
o !
{ F
shei [ 4
P ¥
o f
'] i 1 1 1 1 i 1 1 1 1
9 5 19 1% e 25 kl:} 35 48 45 sa

Temperature (K}

FIG. 6. Calcuiated temperature dependence of the susceptibility for
a cluster of Cu®* ions (described in the text) and different strengths of
the antiferromagnetic coupling J between Cu(1)-Cu(l) and Cu{1-Cu(2)
pairs of neighboring ions: J = —1.5cm ™!, (points); J = —3cm™! (dots);
J = —5cm™! (lines—plus). J, [Cu(2)-Cu2)] was fixed at — 10 cm~"'in
all curves.

peared. In support of this interpretation, we were able to
reproduce faily well the x vs T dependence using a one-
dimensional model.

Assuming isotropic exchange, the Hamiltonian for a
chain is

H= _ZJE_SESHD (4]

with §; = §;,, = 4. Hall (16) {see also (17)] has shown
that the magnetic susceptibility as a function of tempera-
ture given by Bonner and Fisher (18) could be fitted by
the expression

[A + Bx + Cx¥

— 2
(Ne [l + Dx + Ex? + Fx3]’

2/kT)

[5]

where A = 0.25, B = 0.14995, C = 3.0094, D = 1,9862,
E = 0.68854, F = 6.0626, and x = |J|/kT.

The plot in Fig. 7 displays a rather nice fit of the experi-
mental data for an exchange coupling constant J/k =
-5.5() K, g = 2.03, and a maximum of y at T = 7.4(3)
K. It should be noted that, a simulation of the x vs T
curve using a two-dimensional model for a Heisenberg
system (19, 20) was also possible. However, this cannot
be reconciled with our analysis of the underlying exchange

coupling energies. The clear anisotropy of the susceptibil-
ity beginning even before the maximum (Fig. 4) is caused
by the anisotropy of the crystal field, as evidenced
by a study of the ligand field and ESR spectra of
Mg, Cu;;_,(OH);NO; solid solutions (8). Using the re-
ported g-values for isolated Cu(l) centers [g, = 2.315,
&y = 2.055 (8)] and similar but slightly enlarged values
for Cu(2), g-values along the crystaltographic a, b, and ¢
axes have been calculated for Cu(1) and Cu(2) using the
following approximate expressions:

Cu(l): g2=14¥g?+ 5g2)
gr=Hel+g2)
gl=Hgl+221)

Cu2): gi=4287+g2)
gi=2gl,

ge

Mgl +2gl).

It follows from these equations that the direction along
the b-axis is the only one in which for Cu(2) the larger g,
do not contribute, yielding the smallest value of g, = g,
The same result is valid if an effective g-value taken as
the average from the g-values of sites Cu(l) and Cu(2) is
calculated. This is in excellent agreement with our data,
yielding the lowest x-values at higher temperatures for
the magnetic fields parallel to b.

Below 5 K the anisotropy increases strongly, which
may be indicative for the onset of 3D ordering. However,
this has to be explicitely proved in further studies.

IV. CONCLUSIONS

On the basis of the present results, we were able to
characterize Cu,(OH);NO; as a low-dimensional magnetic
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FIG. 7. Bonner-Fischer simulations of the x vs T dependence.
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system. An interpretation of these results using model
calculations relates this behavior to antiferromagnetic ex-
change coupling which dominates in the Cu(2)-Cu(2)
chains within the layered structure. However, further ex-
periments including optical birefrigency on single crystals
are highly desirable for a full characterization of the aniso-
tropic behavior. In particular, such experiments as well
as measurements on the magnetic contributions to the
heat capacity will help to decide whether a magnetic or-
dering takes place and, if so, what kind. Such experiments
are in progress.
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