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Detailed powder neutron-diffraction experiments performed on NiCO; show that at low temperature this
carbonate is an antiferromagnet with an antiferromagnetic direction perpendicular to the trigonal axis and
not at an angle 63° to this axis as has been previously reported. The oxygen parameter is found to be
u=0.2813 +0.0005, the largest found in the series of carbonates of the iron family. A careful examination
of the magnetic reflection intensities indicates in NiCO;3 a form-factor expansion and a magnetic-moment
reduction leading to the same covalency parameter as that previously reported in NiO and KNiF;. Com-
parison with the isomorphous compounds MnCO; and CoCOj; indicates in NiCOj; an increase of the su-
perexchange interactions, both isotropic and anisotropic, a decrease of the spin-exchange polarization
through the (CO3)2‘ radicals, and a substantial reduction of the covalency parameter.

I. INTRODUCTION

All carbonates of the iron family with R 3c trigonal sym-
metry are antiferromagnets at low temperature.! Neutron-
diffraction experiments on powders have shown that in
FeCOj; (Ref. 2) the antiferromagnetic moments are parallel
to the trigonal axis and aligned in ferromagnetic sheets per-
pendicular to that axis, in the sequence + — + — [Fig.
1(a)]. On the other hand, detailed polarized neutron-
diffraction experiments performed on single crystals of
MnCO; (Ref. 3) and CoCO; (Ref. 4) reveal that, in the
latter carbonates, the magnetic moments lie in ferromagnet-
ic sheets perpendicular to the trigonal axis, along which they
again alternate in the sequence + — + — [Fig. 1(a)].
Whereas both MnCO; (Ref. 5) and CoCO; (Ref. 6) are
weak ferromagnets at T < Ty, FeCO; does not show any
spin canting down to 4 K.7 These last results are in good
agreement with Dzyaloshinsky’s general theory® of weak
ferromagnetism in antiferromagnetic compounds. In partic-
ular, in compounds of R3¢ symmetry, Dzyaloshinsky’s
theory indicates that, in addition to the usual anisotropy
forces, spin-orbit interactions may introduce an anisotropic
exchange interaction which goes from a maximum value
when the antiferromagnetic (AF) direction is perpendicular
to the trigonal axis to zero when the AF direction is along
that axis. Such an interaction tends to bring pairs of oppo-
site moments parallel to each other and competes with the
usual symmetric antiferromagnetic exchange interaction,
leading to a weak ferromagnetic moment. This situation is
indeed realized in MnCO; (Refs. 3 and 5) and CoCO;
(Refs. 4 and 6 ), whereas weak ferromagnetism is absent in
FeC(2)3 (Ref. 7) where the AF direction is along the trigonal
axis.

In the case of NiCOj3, which is also a weak ferromagnet,'
the only powder neutron-diffraction data which exist were
published in 1962.° and contain poorly resolved reflections
and A/2 contamination. The best fit between the calculated
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FIG. 1. (a) Trigonal structure of NiCO; showing the antifer-

romagnetic piling up along the trigonal axis. (b) Part of the trigonal
. . ] . .
structure of NiCOj in the case of u =3. The antiferromagnetic in-

teractions are superexchange ones in the case of the pair 4-B and
through (CO3)2™ radical in the case of the pair 4-C.
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and experimental intensities was found if the magnetic mo-
ments, still in ferromagnetic sheets aligned in the sequence
+ — + — along the trigonal axis [Fig. 1(a)], are at an angle
63° with that axis. Although according to Dzyaloshinsky’s
theory,® such an AF direction still allows, in principle, the
existence of weak ferromagnetism, it is a surprising result,
particularly in view of the magnetic measurements,’ which
unambiguously indicate that the weak ferromagnetic mo-
ment which is developed in a direction perpendicular to the
trigonal axis is the largest of all those occurring in the series
of carbonates. On the other hand, in order to bring the in-
tensities of the magnetic reflections on an absolute scale,
the normalization factor used in Ref. 9 is obtained as usual?
by comparing the observed and calculated intensities of the
nuclear reflections, these last ones being obtained using the
oxygen parameter u =0.27,'% a value which has since been
shown incorrect in MnCOj3 (Ref. 3) and CoCO; (Ref. 4).

A need for additional neutron-diffraction experiments on
NiCO; obviously exists. We have recently performed such
experiments at the Laue-Langevin Institute at Grenoble.
The DI1A high-resolution powder diffractometer was used at
a wavelength A=1.909 A corresponding to the (115) reflec-
tion of a germanium monochromator; A/2 contamination is
thus avoided, whereas, at this wavelength, A/3 contamina-
tion is negligible.

II. RESULTS
The difficulty of growing single crystals of NiCO; which

are not found in nature is well known.! Using hydrothermal
methods,!' the largest dimensions of the crystals we ob-
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tained never exceeded 0.1 mm. About 1 g of such crystals
ground into a fine powder was used in the neutron-
diffraction experiments. X-ray work performed at room
temperature shows no impurities, all the observed reflec-
tions being found at Bragg-angle positions corresponding to
the parameter values ag and ¢y [ag=4.609 /3;, co=14.737 A
(Ref. 11)] of the equivalent hexagonal cell containing six
NiCO; units. The same conclusion is reached from the
neutron-diffraction work performed down to T >25 K [Fig.
2(a)], whereas at T <25 K additional reflections manifest
themselves which may also be indexed with the hexagonal
cell of parameters a, and ¢y [Fig. 2(b)]. No preferential
orientation effects are detected, measurements performed in
different orientations of the sample to the counter showing
no modification of the intensities of the various reflections.
Owing to their particular positions in the nuclear cell (Fig.
1), the nickel and carbon atoms contribute only to the nu-
clear reflections with even /, whereas the oxygen atoms, lo-
cated in more general positions, also take part in the nuclear
reflections with odd / as long as the pairs of A,k indices are
such that h # —k, all these reflections satisfying the selec-
tion rule —h +k +1=3n With use of the well-known
scattering amplitudes of Ni, C, and O (bN=1.03,
bc=0.665, bo=0.58 in 107'2 cm), least-squares refine-
ments performed on the integrated intensities /yqps (Table I)
at all 7 > 25 K lead to R =0.8% if the oxygen parameter in
ao units takes the value u=0.2813 ( £5x107*). This u
value is the largest of all those reported in the carbonates of
the iron family (Table II). It may be related to the smaller
size of the Ni’* ion in comparison with the size of the other
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FIG. 2. (a) Part of the neutron-diffraction spectrum at 30 K. (b) Part of the neutron-diffraction spectrum at 4.5 K.
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TABLE I. Intensities of the fundamental reflections (hkl).
hkl INobs(T=30 K) Iy cale [/l,/l
012 0 0.2 8.33
104 3872 (£72) 3894 5.56
006 483 (1 £32) 489 1.87
119 625 ( £35) 601 2.37
113 2137 ( £56) 2147 0
202 385 ( £30) 371 1.53
024 630 ( £35) 630 2.07

M?* ions. From these u values, the length ry of the M?™*-
0?~ bonds connecting every M?* jon to its six nearest 02~
neighbors may be obtained. These values (Table II) indi-
cate that the smallest rqy is found in the case of NiCO;.
Knowing the wu value, the angle § made by the two bonds
M?*.0?~ joining every O’ ion to its two nearest M>*
neighbors [Fig. 1(b)], is readily calculated from the follow-
ing relation:

6ut—6u +1 ~-:,,—(c/2t1)2
cosf = 1 . (1)
6u—6u +2 +~(c/2a)?

The 6 values corresponding to the various carbonates are
also reported in Table II, the largest one being found in the
case of NiCO;. Having the smallest ro and the largest 6,
NiCO; fulfills the conditions'? to display the strongest iso-
tropic superexchange interactions, taking place through
M?**-02~-M?** paths, in the series of carbonates of the iron
family. This is in excellent agreement with the experimen-
tal values of the equivalent molecular fields Hg obtained
from magnetic measurements (Table 1I). When spin-orbit
coupling is taken into account, such an enhancement of the
isotropic exchange interaction will also, by necessity,'’ be
accompanied by a simultaneous increase of the anisotropic
superexchange interactions, in good agreement with the cor-
responding experimental values of the equivalent field Hp
also obtained from magnetic measurements (Table II).

The additional reflections observed at T <25 K [Fig.
2(b)] may also be indexed with the hexagonal cell of param-
eters ao and co, the same selection rule —h +k +/=23n be-
ing observed. In that temperature range, no detectable
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TABLE II. Nuclear and magnetic characteristics of the carbonates

of the iron family.

u ro (A) 0 H; (kOe) Hj (kOe)
MnCO; 02698 2194  119.86° 320° 4.4b
CoCO;4 0.2754¢ 2.111 120.58° 160° 27°
NiCO; 0.28134 2.072 121.78° 2400 90b
FeCO;  0.27° 2128 120.07° 1501

Reference 10.
Reference 7.

¢Reference 4.
4 This work.

“Reference 3.
bReference 1.

modifications of the intensities observed at 7 > 25 K are
observed with the exception of the (113) reflection which,
as previously mentioned, contains only a nuclear contribu-
tion because of the oxygen atoms. In good agreement with
the published Ty =25.2 K,! these observations may be attri-
buted to the onset of long-range magnetic ordering and con-
firm the + — + — sequence of ferromagnetic sheets previ-
ously reported.? Using the normalization factor resulting
from the comparison between the observed and calculated
nuclear intensities, the magnetic intensities may be put on
an absolute scale. The experimental integrated intensities
Iobs found in Table III correspond to such values. They are
compared to the calculated ones /., assuming that at such 6
values and low temperature, the Debye-Waller factor keeps
a value unity. We alternatively use the observed f; form
factor of Ni?* in NiO (Ref. 14) and the calculated one f,."
Various AF directions at an angle ¢ to the trigonal axis
have been tried, the best agreement between the observed
and calculated intensities being reached (Table III) in the
case ¢=m/2 using f,. The value (c")=g(S,") =1.903
( £0.039) is then obtained. On the other hand, to the ob-
served weak ferromagnetic moment (ot) =g (S;*) =0.372
(Ref. 1) corresponds, for ¢ =m/2 and with use of f), the
calculated magnetic intensities Iy, (last column of Table I)
which all are smaller than the statistical uncertainties ( 10
b) due to the background fluctuations.

III. DISCUSSION AND CONCLUSION

It is noteworthy that in NiCOj, in contradiction to the
value ¢ =63° reported in Ref. 9, the AF direction is perpen-

TABLE III. Intensities of the magnetic reflections in the cases ¢ =m/2 and ¢ =63° (Ref. 9); f| and f, are
the observed (NiO, Ref. 14) and calculated (Ref. 15) form factors, respectively. The corresponding (')

and R factors are also given.

leae (p=7/2)

[calc (d’=63°)

hkl Iobs fl /.2 fl f2

003 220.3 ( £25) 220.9 258.5 180 210.7

101 207.4 ( £24) 206.5 2333 244.4 276.3

015 91.7 ( £20) 96.2 95.2 87.1 86.2

113 89.3 (£19.5) 95.9 89.5 106.3 99.3

021 38.5 (£16) 35.1 324 43 39.6

107 512 (£17) 50.2 45.8 43.5 39.6

(o) 1.903 ( £0.039) 2.080 ( £0.133) 1.928 ( £0.163) 2.108 ( £0.189)

R 2.9% 9.8% 15.6% 14.2%
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dicular to the trigonal axis as it is in MnCO; (Ref. 3) and
CoCO; (Ref. 4). In these last carbonates, covalency ef-
fects'® due to an extension of the metal-ion antibonding or-
bitals towards the ligands have also been measured.>* As
the experimental form factor'® used here is expanded by
17% in the sin@/\ direction relative to the Ni’* free-ion
values, indications also exist that, in a fashion similar to the
powder neutron-diffraction experiments and subsequent dis-
cussions on KNiF; (Ref. 17) and NiO,'® a partial covalent
bonding of Ni’* and ligand orbitals exists in NiCO;. With
use of the value g=2.299 ( £0.015) for the Landé factor
obtained from susceptibility measurements performed in our
laboratory (Fig. 3), a numerical evaluation of the covalency
in NiCO; may be derived if, in agreement with the tempera-
ture dependence of the magnetic intensities and the weak
ferromagnetic moment,' we assume that magnetic saturation
is achieved at 4.5 K. With

(o) =[{a")? +(a*)? 12 =g(S;) |,

the value (S,) =0.843( £0.031) is obtained. The covalency
parameter f, may then be deduced from the following rela-
tion valid for a «® ion,!”!®

So[l—l](1—3fo)=<s,> i ()
So

In relation (2), « is the fraction of the 0-K spin deviation
which in spin-wave approximation'® takes the value 0.078.
With So=1, we are led to fy=2.8 £1.1%. Using the value
«=0.064 obtained from Walker’s perturbation theory, as
was done in Ref. 17, the value fy=3.3 £1.1% is obtained,
indicating that a relative uncertainty in the correct evalua-
tion of «, due for instance to a small amount of nonsatura-
tion at 4.5 K, would bring little change in the determination
of fy. Similar values of f,, f0=3.820.2% and
fo=2.6 £1.8%, respectively, are found in NiO (Ref. 18)
and KNiF; (Ref. 17) with use of the spin-wave approxima-
tion. On the other hand, the f{ value obtained in the case
of NiCO; is about one-half of those reported for MnCO;
(Ref. 3) and CoCO; (Ref. 4), where polarized neutron work
was performed on single crystals, a technique allowing a de-
tailed study of the spin-density maps since the weak fer-
romagnetic reflections are also measured. These larger f
values and the observation of spin densities of opposite sign
on carbon and oxygen atoms in MnCOj; and CoCOj; have
since?® been related to a spin-exchange polarization mechan-
ism within the (CO3)2~ radicals. This last mechanism also
explains why the ferromagnetic moment resulting from a
partial cancellation of these spin densities is particularly
small in these carbonates. In NiCO;, as a result of the
larger distance between the carbon and oxygen atoms in
planes perpendicular to the trigonal axis (Fig. 1), stronger
superexchange interactions through M2*-02~-(M’)?* paths
with M =4 and M'= B are expected. In addition, the ex-
change polarization mechanism which takes place through
(C0O3)?~ and couples pairs of cations such as 4 and C (Fig.
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FIG. 3. Inverse magnetic susceptibility of NiCO; as a function of
temperature.

1) is likely to be reduced. Let us also observe that the
hump due to short-range magnetic ordering at 7 > Ty and
which may be detected up to 7 =2Ty culminates at an an-
gle position 20 =21.48° [solid arrow on Fig. 2(a)]. Accord-
ing to the Debye formula, such a 6 value is expected for an
antiferromagnetically coupled pair of magnetic moments at a
distance d =3.62 A which is the distance between 4 and B
[Fig. 1(b)]. Although the mechanism of the diffuse scatter-
ing at T > Ty in compounds of this type is certainly quite
complex, it may be noticed that if the strongest AF interac-
tion would have taken place between A4 and C at a distance
6.06 A [Fig. 1(b)], the maximum of the corresponding ex-
pected hump would have been found at an angle position
20=12.79° [dotted arrow on Fig. 2(a)], where nothing is
observed. Evidence is thus seen that in contrast to MnCO3;
and CoCOj;, both isotropic and anisotropic superexchange
interactions are here the leading terms in the spin Hamil-
tonian. The weakening of the spin-polarization effect in
(CO;3)?~ radicals, and the subsequent reduction of the can-
cellation of spin densities of opposite sign on the oxygen
and carbon atoms, would explain why in NiCO; the fer-
romagnetic component is the largest of all those reported in
the series of carbonates of the iron family.!

Although powder work similar to ours on NiCOj; allows a
fair determination of the amount of covalency, more insight
into the importance of the various magnetic interactions
may only be obtained from poliarized neutron analysis on
single crystals, if these ever become available.
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