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Magnetic measurements on crystals of the layer compound sodium bk(carbonato)cuprate(II) have confimed that the material 
orders antiferromagnetically at 5.6 K with the spins aligned along the crystallographic a axis. The copper ions within each 
layer are coupled ferromagnetically with an exchange coupling constant of 4.1 cm-'. The antiferromagnetic interlayer 
exchange field is calculated to be 0.65 T, and the ratio of the interlayer to intralayer exchange constants is estimated to 
be -0.076. 

Introduction 
Materials with strictly chain or layered structures are in- 

teresting because no cooperative ordering can be sustained in 
one or two dimensions.' However examples of magnetically 
ordered compounds with just these structural characteristics 
are quite common because the anisotropy field and/or inter- 
chain or interlayer interaction is said to trigger order in three 
dimensions. Compounds of copper are well suited to studies 
in this area because none of the complications of S > are 
present. Particular systems relevant to the present study are 
the layered materials K 2 C ~ F 4 , 2  which possesses two-dimen- 
sional ferromagnetic intralayer interactions as well as ferro- 
magnetic interlayer interactions, and the [CuC14]*- deriva- 
tives3s4 where layers of ferromagnetically coupled copper atoms 
can be coupled ferromagnetically or antiferromagnetically. For 
those which form three-dimensional antiferromagnets the in- 
terlayer coupling energy is often quite small. Further, the 
anisotropy field in these copper compounds can also be quite 
small so the spin-flop field can be exceeded by rather smaller 
applied magnetic fields than is otherwise possible in normal 
three-dimensional antiferromagnets3 

Many different compounds can be isolated from aqueous 
solutions containing the copper(I1) and carbonate ions, de- 
pending on the conditions and the other cations present. For 
example Na2C~(C03)2 -3H20  has a discrete chainlike struc- 
t ~ r e , ~  and C U ( N H , ) ~ C O ~  possesses a complicated intertwined 
chain structure6 whereas K2Cu(C03)2 has a three-dimensional 
structure of bridging carbonate groups.' Na2Cu(C03)2 is best 
describeds (Figure 1) as a two-dimensional polymeric network 
of [ C U ( C O ~ ) ~ ~ - ]  with each copper in an approximately 
square-planar environment coordinated by four symmetry- 
related binuclear bridging carbonate groups. Successive layers 
of [CU(CO~)~~-] . .  are bound ionically by the sodium ions. 

Average susceptibility measurements on Na2Cu(C03)2 as 
a function of temperature and applied magnetic fieldg sug- 
gested the presence of ferromagnetic intralayer exchange with 
a weak antiferromagnetic interlayer coupling. The field de- 
pendence of the average susceptibility below the transition 
temperature indicated that spin-flop behavior was being o b  
served in applied magnetic fields greater than - 10 mT. These 
observations were important for two reasons. First, the fer- 
romagnetic interaction is unusual and is, as far as is known, 
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the first example of a bridging carbonate sustaining a ferro- 
magnetic coupling between paramagnetic centers. Second, 
Na2Cu(C03)2 provides another example of the few well- 
characterized layered materials where the antiferromagnetic 
interlayer interactions are weak enough for the spin-flop field 
to be studied in low and easily accessible applied magnetic 
fields. Single-crystal measurements reported here now confirm 
that Na2Cu(C03), is a three-dimensional antiferomagnet 
below 5.6 K. 
Experimental Section 

Crystals of Na2Cu(C03)2 large enough for the magnetic mea- 
surements were difficult to prepare although a variation of the method 
used by Healy and White* was eventually successful. The hydrated 
salt Na2Cu(C0J2.3H20 was prepared, dissolved in an aqueous sodium 
carbonate/bicarbonate solution, and refluxed gently at 70 OC. A few 
suitable crystals (2 X 1 X 1 mm) formed after about 1 week. The 
royal blue elongated crystals are monoclinic and were identified by 
using X-rays. The axes were defined according to ref 8: a = 6.18 
A , b = 8 . 1 9 A , c = 5 . 6 4 A , a n d f l =  116.2°,inthespacegroupP2,/a. 

The magnetization data on two different crystals were collected 
by using the SQUID susceptometer described recently.1° For these 
crystal measurements the quartz sample tube used for powders was 
replaced with a quartz rod ground with vertical and horizontal faces, 
so allowing easy crystal alignment. No corrections for demagnetizing 
effects were made as they were found to be insignificant for each of 
the crystalline susceptibilities around the critical temperature. No 
corrections for the diamagnetism of the substituent atoms were made 
either; below 70 K they are negligible. Unfortunately our SQUID 
only operates to an applied magnetic field of -0.35 T, so no high-field 
magnetization measurements could be performed. 

The EPR spectra were obtained from a Varian E-3 X-band 
spectrometer. The free radical DPPH (g = 2.0036) was used as a 
field marker. 
Results and Discussion 

Previous work on the average powder susceptibility ( x ) ~  of 
Na2Cu(C03)2 had shown that the Curie-Weiss expression x 
= C / ( T  - e), where C = Ng'$9'/4k with 8 = +9.2 K and g 
= 2.23, represented the data above 15 K quite well. The 
positive value of 8 confirmed the presence of ferromagnetic 
interactions. Further, the data between 15 and 70 K could 
be fitted to the 1 1-term series expansion for a two-dimensional 
Heisenberg system" with J = 4.1 cm-' and g = 2.24. Below 
5.6 K and in the lowest applied magnetic field (1.7 mT), x 
extrapolated to -2/3xmm(Tc) at T = 0. This is the behavior 
expected for a three-dimensional antiferromagnet. However 
in applied fields of between 10 mT and 0.1 T x was field 
dependent and rose with H until x e xmx( T,) in 0.1 T. This 
suggested that a spin-flop transition had taken place. 

The present single-crystal measurements were performed 
along the a*, b, and c axes of the monoclinic crystal in 0.2227 
T and 2.22 mT (Figures 2-4). The susceptibility along each 
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Figure 1. Unit cell of N ~ * C U ( C O ~ ) ~  viewed perpendicular to the ab 
plane. 
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Figure 3. Magnetic susceptibilities along the c and c* axes of 
Na2Cu(C0J2 in different applied magnetic fields. c axis: 0,0.2227 
T; +, 2.23 mT. c* axis: A, 3.2 mT. The solid line represents the 
best fit to the Baker series expansion for k T / J  > 1.67. 
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Figure 2. Magnetic susceptibilities along the b axis of Na2C~(C03)2 
in two different applied magnetic fields: 0, 0.2227 T; +, 2.23 mT. 
The solid line represents the best fit to the Baker series expansion 
for k T / J  > 1.67. 

direction passes through a transition at  5.6 K. Above the 
critical temperature each susceptibility is nearly independent 
of the applied magnetic field and was fitted to the Baker series 
expansion" by using a nonlinear least-squares computer 
program. In each case J = 4.1 cm-' with g,. = gb = 2.045 
and g,  = 2.25. These derived g values are very similar to the 
experimental values described below and are compatible with 
the structure; i.e. the layers of [Cu(CO,)?-] lie nearly parallel 
to the a*b plane, and so this plane is expected to be nearly 
magnetically isotropic. 

Below 5.6 K the three susceptibilities behave differently. 
X b  (Figure 2 )  in both 0.2227 T and 2.22 mT is relatively 
constant, Le., independent of the applied magnetic field. This 
direction must then be xI of the antiferromagnetically ordered 
state, i.e., perpendicular to the spin direction. Therefore xII 
of the antiferromagnetically ordered state must lie in the ac 
plane. The data in Figure 4 show clearly that in the lower 
field xor drops rapidly toward zero, and so xII must lie along 
or near this direction. The susceptibility along the crystallo- 
graphic c direction in 2.23 mT (Figure 3 )  drops rather more 
with decreasing temperature than would be expected if xI lay 
in the bc plane. However in this monoclinic cell 6 = 116.2', 
and so xI probably lies in the bc* plane. This was confirmed 
by making several measurements along the c* direction where 
xr was found to be nearly constant below 5.6 K and of a 
magnitude at  5.6 K equal to that expected with use of gc.. 
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Figure 4. Magnetic susceptibility along the a* axis of Na2Cu(C03)2 
in two different applied magnetic fields: 0, 0.2227 T; +, 2.23 mT. 
The solid line represents the best fit to the Baker series expansion 
for k T / J  > 1.67. 

Thus x I ,  and so the preferred spin direction, actually lies 
perpendicular to the bc* plane and so parallel to the crys- 
tallographic a axis. 

The EPR spectrum of a crystal of NazCu(COJz was re- 
corded at X band at room temperature. Two rotations were 
made. In the a*b plane the g value was, within experimental 
error, isotropic and equal to 2.04. This corresponds to the 
intralayer g value. In the bc plane the minimum and maxi- 
mum g values were 2.04 (gb)  and 2.27 (g,), gb corresponding 
to the isotropic intralayer g value and g,  the g value perpen- 
dicular to the layer. It was also easy to show experimentally 
that xII of the antiferromagnetically ordered state is associated 
with one of the smaller intralayer g values at and above the 
critical temperature because one of the two smaller suscep- 
tibilities (x,.) above T, becomes xII  below T, (on the as- 
sumption that h = x,.). This has important implications in 
determining the reason for the spin direction (see below). 

The new single-crystal susceptibility and EPR data now 
allow a more precise determination of some of the exchange 
and anisotropy  field^.^ The effective intralayer exchange field 
can be calculated from expression 1 .  Using the magnetic 

He = 2zJS/g/3 ( 1 )  
parameters derived above the z = 4, we find that the intralayer 
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Table I. Exchange Parameters for Some Quasi-Two-Dimensional 
Heisenberg Ferromagnets' 

T... K J .  K kT,lJ R =J ' IJ  d , ,  A d,, A 

Na,Cu(CO,), 5.6 5.9 0.95 -7.6 X lo-' 4.89 5.64 
Rb,CuCI,Br, 17.2 16.3 1.06 -2.6 X lo-' 5.130 8.9 
K,CuF, 6.28 11.2 0.561 +2.1 x lo-, 4.155 6.98 
(C,H,NH,),- 10.20 18.6 0.548 -8 X lo-, 5.240 11.21 

(C,,H,,NH,),- 7.92 17.9 0.442 -3 X 5.239 25.78 
cuc l ,  

CUCI, 

a The intra- and interlayer interactions are denoted by J and J ' ,  
respectively. d ,  and d,  are the intra- and interlayer copper-cop- 
per distances, respectively. 

exchange field is 17.2 T. The interlayer exchange field, Haf,  
for these antiferromagnetically coupled layer-type materials 
can be estimated from the value of xI at the critical tem- 
perature3 (eq 2 ) .  HA is the anisotropy field and for copper 

(2) 
compounds is expected to be small. With xI(T,) = Xb(Tc) 
= 0.44 cm3 mol-' and gb = 2.04 we find that 2Haf + HA = 
1.3 T, and so Hd N 0.65 T. We have observed previously from 
the applied magnetic field dependent nature of x9 that the 
spin-flop field must be 10.0 mT < HSF < 0.1 T. This quantity 
is given by eq 3. When this is solved simultaneously with 2Hd 

x J. ( Tc) = N g @ s  / (2Haf + HA) 

HSF = ( 2 H a f H ~  - (3)  
+ HA = 1.3 T, limiting values of 0.650 and 0.646 T are ob- 
tained for Haf,  and 0.1 and 7.8 mT are obtained for H A  when 
HSF = 10.0 mT and 0.1 T, respectively. Average values for 
Ha, and HA would then be 0.648 T and -4 mT, respectively. 
The ratio of the effective interlayer to intralayer exchange 
constants (HaI/H,  = 0.038 and so 1J1/14 = 0.076 with z ' =  
2 )  is much larger than for other layered compounds of this 
type (see Table I). This reflects the much shorter interlayer 
interaction in Na2Cu(C03)2 (5.64 A) than is observed in the 
layered [CuCl4I2- derivatives. The critical field needed for 
the transition from the flopped to the paramagnetic phases 
(H,)  is given by eq 4. Unfortunately the 1-1.3 T predicted 

for H ,  is well outside our experimental range of applied 
magnetic fields. Also it is known that these critical fields are 
temperature dependent, so precise values as T - 0 K will have 
to await detailed single-crystal magnetization experiments as 
a function of temperature and applied magnetic field. 

One of the current interests in cooperative phenomena is 
how the real lattice and spin dimensionality influence the 
behavior around the critical temperature. De Jongh" has 
shown how both these quantities depend on the value of R, 
the ratio of the interlayer to intralayer coupling. We have 
already seen that R is much larger in Na2Cu(C03)2 than it 
is in most of the structurally related two-dimensional [CuCl4I2- 
derivatives, and this is best illustrated in a xT/Cvs. kT/Jplot, 
shown in Figure 5. De Jongh12 has shown that for very weak 
interlayer interactions, i.e., as near an ideal two-dimensional 
ferromagnet as possible, as for example in (C1&121NH3)2C~C14 
where R = -3 X the 11-term Baker series expansion 
works well down to kT/Jvalues approaching 1.0. In fact for 
compounds with R < the experimental data lie on a 
smooth curve which extrapolates to k T / J  values even lower 
than this. However as the interlayer coupling becomes 
stronger, deviations occur at larger values of kT/J ,  upward 
for ferromagnetic and downward for antiferromagnetic in- 
terlayer interactions. For example in (C2H5NH3)2CuC14 where 
R = -8 X lo4 there is a peak in the xT/Cvs.  kT/Jplot  a t  

H ,  = 2H, - HA (4) 

(12) De Jongh, L. J. Physica B+C (Amsferdam) 1976, 82B+C, 247. 
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Figure 5. Near zero-field susceptibility behavior of NazCu(C03)z: 
+ is the experimental data along the a* axis; the curve is the best 
fit to the Baker series expansion for k T / J  > 1.67. 

k T / J  N 0.55. This is obviously a less ideal two-dimensional 
planar ferromagnet than the Clo derivative where no maximum 
nor deviations are seen down to a kT/C of 0.4. N a 2 C ~ ( C 0 3 ) 2  
is an even worse example because deviations from the ideal 
curve in Figure 5 begin at k T / J  N 1.5 with a maximum near 
kT/J  = 1.0. This illustrates in a quantitative manner the effect 
of a much larger interlayer coupling resulting from the smaller 
interlayer separation. 

Most of the layered materials studied so far order with the 
spins lying parallel to the layer. The spin direction is deter- 
mined by a combination of anisotropy fields which depend on 
the g values, dipolar interactions, anisotropy in the exchange 
interaction, etc. In each of the layered [ C U C ~ ~ ] ~ -  derivatives 
studied in detail so far, the spin direction lies in the plane 
parallel to the largest crystalline g value. However the 
structure of these materials is such that the layer actually 
contains the largest and smallest molecular g values, g l  and 
g , ,  respectively, so the in-plane crystalline g value [ ( g l ,  + 
g , ) / 2 ]  is larger than the crystalline g value perpendicular to 
this ( g l )  and so the spins are expected to lie in the plane. In 
N a 2 C ~ ( C 0 3 ) 2  the situation appears to be different because, 
although the spins lie in the plane of the layer, the largest 
molecular and crystalline g value (g l l )  lies at right angles to 
this, being a consequence of the simpler molecular structure 
of Na2Cu(C03)2. There is no doubt about this because as 
mentioned above it is easy to show experimentally that X I I  is 
associated with the smaller of the two g values. With the 
smaller interlayer separation in N~,CU(CO,)~ the dipole-diple 
interactions are probably responsible for this unusual spin 
configuration. 

The closest approach of the intralayer copper atoms is 4.89 
A, so no significant direct overlap of the metal ion d orbitals 
is expected. Superexchange via the intervening binuclear 
carbonate group must be responsible for the observed inter- 
action and so appears to be the first well-documented case of 
ferromagnetic coupling by a bridging carbonate group. There 
are potentially two superexchange pathways connecting the 
unpaired electrons in the d2-9 orbitals on copper. One of these 
involves the orthogonal u orbitals of the C03*- group while 
the second pathway involves the a-electron system of the 
bridging ligand. The structural data on Na2Cu(C03)2 em- 
phasize the low symmetry of the carbonate group. For ex- 
ample the intralayer Cu-0 distances are slightly different: 
Cu-O(l)  = 1.947 A and Cu-0(2) = 1.934 A* which may 
affect the u mechanism whereas the deviations of the copper 
atoms from the carbonate plane may influence the a mecha- 
nism. On the other hand the magnetic interaction in polymeric 
K2Cu(CO3)? is also ferr~magnet ic '~  (T, = 6.6 K) although 
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the symmetry of the [Cu(CO,),]*- unit is much higher.’ A 
consideration of the possible exchange pathways using orbital 
symmetry relationships and the carbonate molecular orbitals 
indicates that both antiferromagnetic and ferromagnetic 
pathways are possible. Obviously the latter dominate in this 
case. This will be considered in more detail in due ~ 0 u r s e . l ~  
Apart from K2Cu(C03), copper(I1) oxydiacetate is the only 
other system where superexchange via a similar bridging unit 
results in ferromagnetic intralayer exchange ( J  = 4.66 cm-I).l4 
Here the C02- group bridges adjacent coppers in a rather 
puckered fashion and the u mechanism was thought to be 
mainly responsible for the observed interaction. 

One of the more difficult problems in these layered materials 
is the question of exactly why some order ferromagnetically 
and others order antifenomagnetically. For example the layers 

(13) Gregson, A. K.; Moxon, N. T., to be submitted for publication. 
(14) Corvan, P. J.; Estes, W. E.; Weller, R. R.; Hatfield, W. E. Inorg. Chem. 

1980, 19, 1297. 
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in K2CuF4 and [CH3NH3I2CuCl4 couple ferromagnetically 
whereas in the other C U C I ~ ~ -  derivatives they couple antifer- 
romagnetically. Hatfield and mworkers have tried to identify 
some of the features which determine the type of three-di- 
mensional ordering which results in these types of com- 
pound~ . ’~  In Na2Cu(C03), this feature is probably easier to 
understand because of the detailed nature of the structure. 
Each copper ion in a layer has an identical copper ion as its 
immediate neighbor in the layers above and below. This may 
then encourage some sort of direct exchange between the 
copper ions in adjacent layers or even a superexchange via the 
interleaved sodium ions and so an antiferromagnetic interlayer 
coupling. 
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Quantitative Description of the Magnetic Properties and Proton Isotropic Shifts of 
Hemichrome Salts (Derivatives of Iron(II1) Octaethylporphyrin Complexes): The 
Presence of a Spin Equilibrium 
ANTHONY K. GREGSON 
Received March 13, 1980 

A quantitative interpretation of the temperature-dependent magnetic and NMR properties of a series of Fe(OEP)X2C104 
derivatives is given by using the quantum mechanical spin-mixed model (OEP = octaethylporphyrin, X = heterocyclic 
base). A small temperature variation in the ligand-field parameters (- 1%) is necessary to account for both the magnetic 
and NMR data. In the quantum mechanical spin-mixed model limiting high-temperature magnetic moments of between 
4.0 and 4.5 pB are not necessarily an indication of a spin quartet state. 

Introduction 
In view of the recent articles on the possibility of quantum 

mechanical spin-mixed ground states for several iron-con- 
taining proteins’ and even (octaethylporphyrinato)iron(III) 
perchlorate, Fe(OEP)ClO,,* we are prompted to report in 
detail some calculations made several years ago3 on the rather 
unusual magnetic and N M R  properties of the series Fe- 
(OEP)X2C104 (X = substituted heterocyclic base (Figure 1)). 
Our description is tentative and probably not unique although 
it does offer a tenable phenomenological quantitative expla- 
nation which is consistent with most of the available experi- 
mental data. 

The magnetic properties of the Fe(OEP)X2C104 deriva- 
t i v e ~ ~ ~ , ~  (summarized in Figure 2) are unlike those of typical 
high-spin (S = 5 / 2 )  or low-spin (S = ferric heme proteins. 
In some respects they resemble more the properties of several 
of the ferricytochromes c’ where a quantum mechanical ad- 
mixture of the intermediate-spin state (S  = 3/2) with the S 
= 5 / 2  state was able to reproduce the experimental data to a 
very good approximation.’ The data shown in Figure 2 are 
different from the ferricytochromes c’ in that there appears 
to be an apparent (see later) equilibrium between the inter- 

( 1 )  (a) Maltempo, M. M. J .  Chem. Phys. 1974, 61, 2540. (b) Maltempo, 
M. M.; Moss, T. H. Q. Reo. Biophys. 1976, 9, 181. 

(2) Dolphin, D. H.; S a m ,  J. R.; Tsui, T. B. Inorg. Chem. 1977, 16, 711. 
(3) (a) First presented at a Royal Australian Chemical Institute symposium 

on “Magnetism and Transition Metal Compounds”, Monash University, 
Melbourne, Australia, Nov 1975. (b) Hill, H. A. 0.; Skyte, P. D.; 
Buchler, J. W.; Lueken, H.; Tonn, M.; Gregson, A .  K.; Pellizer, G. J .  
Chem. SOC., Chem. Commun. 1979, 1 5 1 .  

(4) Skyte, P. D. D.Phil. Thesis, University of Oxford, 1976. 

mediate S = ’Iz state and the low-spin S = ’ /2  state. 
The very large changes in magnetic moment over such a 

small temperature range (4.22-2.7 pe over 120 K in the ex- 
treme case) are most unusual and probably indicate a changing 
spin state and/or some type of spin-equilibrium situation. This 
can be looked at in several ways. The first considers the 
equilibrium to consist of simple thermal mixtures over non- 
interacting S = 5 / 2 ,  ,I2, and levels on one molecule; the 
second would be a similar equilibrium but over different 
molecules. A combination of these was the first to be proposed 
and can be often account for the magnetic data of iron(II1) 
materials possessing spin-equilibrium properties.5 The third 
possibility involves a quantum mechanical mixture, first in- 
troduced by Harris,6 which allows spin-orbit coupling to mix 
all the levels to give a thermal average over a single molecule.’ 
The real situation may even be different quantum mechanical 
mixtures over different molecules although this would be too 
difficult for a quantitative description. The observed magnetic 
properties of the first two models would be similar except if 
the populations of different molecules with different ground 
states did not follow a Boltzmann distribution. These coop- 
erative spin transitions are known’ but probably do not exist 
in this case because the solution (from NMR measurements) 
and solid-state magnetic data are very similar.3b This latter 
observation also eliminates two further situations: (i) an 
equilibrium between chemically different species in solution 

(5)  Martin, R. L.; White, A. H. Transirion Mer. Chem. 1968, 4, 1 1 3 .  
(6) Harris, G. Theor. Chim. Acro (Berlin) 1968, 10, 119, 155. 
(7) For example see: Konig, E.; Ritter, G.; Kanellakopulos, B. J .  Phys. C 

1974, 7, 2681. 
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