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PARAMAGNETIC HYPERFINE STRUCTURE 
AND ELECTRONIC RELAXATION OF Fe2+ IN CaC03 AND CdCOs 

D. C. PRICE and K. K. P. SRIVASTAVA 

Department of Solid State Physics, Research School of Physical Sciences 
The Australian National University, Canberra, Australia 

Résumé. — Contrairement au comportement des ions Fe2+ dans d'autres réseaux carbonate 
rhomboédriques, on a pu observer que les spectres Môssbauer des ions s7Fe2+ dans CaCCb et 
CdCÛ3 ne présentaient pas de structure magnétique hyperfine à basses températures en l'absence 
de champ magnétique. Cependant, en présence de champs magnétiques, on observe un élargisse
ment des raies, similaire à celui qui accompagne une relaxation paramagnétique lente, et pour des 
champs > 0,1 T, l'apparition d'une structure paramagnétique hyperfine résolue. Les aspects 
empiriques de la relaxation magnétique observée sont étudiés et on en propose une explication 
qualitative. Cette interprétation nécessite une légère déformation des sites de substitution Fe2+ de 
la symétrie trigonale des sites des cations hôte. Un autre processus possible est également proposé. 

Abstract. —• Unlike the behaviour observed for Fe2+ ions in other rhombohedral carbonate 
lattices, the Mossbauer spectra of "Fe 2 + ions in CaCOs and CdCCb show no magnetic hyperfine 
structure at low temperatures in the absence of an applied magnetic field. In the presence of such 
fields, however, line broadening, similar to that which accompagnies slow paramagnetic relaxation, 
is observed, and for fields ^ O . I T resolved paramagnetic hyperfine structure appears. The 
empirical aspects of the observed magnetic relaxation are examined and a qualitative explanation 
proposed. This explanation requires a small distortion of the Fe2+ substitutional sites from the 
trigonal symmetry of the host cation sites. Another possible mechanism is also mentioned. 

1. Introduction. —• As a result of recent work 
involving Fe 2 + ions in FeC0 3 [1, 2], ZnC0 3 [3], 
MgC03 [4] and Fe(C5H5NO)6(C104)2 [5], it appears 
that one should expect to observe paramagnetic hyper-
fine structure in the Mossbauer spectra of 5 7 Fe 2 + ions 
that occupy an octahedral site with a trigonal elonga
tion at helium temperatures, even in the absence of 
applied magnetic fields. Examples of such hyperfine 
structure are given in figure 1, which shows the Moss
bauer spectra of 5 7Fe 2 + : Z n C 0 3 a n d 5 7 F e 2 + : MgC03 

at 4.2 K in zero applied magnetic field. The reason for 
this behaviour will be discussed in some detail in [3], 
but, briefly, it depends on the fact that the ground state 
of the Fe 2 + ion in a site of this symmetry is a spin-orbit 
doublet (see Fig. 2). The states of this ground doublet 
have extremely anisotropic magnetic properties with 
effective g-values g|| x 10, g± = 0, and are separated 
by ~ 80 cm" l from the first excited state which is 
nonmagnetic. The strong anisotropy of these states is 
responsible for the metamagnetic properties of FeC0 3 

and FeCl2, and also ensures that spin-spin relaxation 
between dilute Fe 2 + ions is very slow. Spin-lattice rela
xation between these degenerate states proceeds only 
via multi-phonon processes [3] and is slow at helium 
temperatures. 

In extending the work described in refs. [2], [3] 
and [4], we have measured the Mossbauer spectra of 
Fe 2 + ions doped into CaC03 and CdC03 , both of 

which are isomorphic with FeC03, ZnC03 and 
MgC03, and find behaviour that is strikingly different 
from that described above. In zero applied magnetic 
field at all temperatures down to 1.6 K there is no 
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FIG. 1. — Mossbauer spectra of synthetic powder samples of 
~ 20 % Fe2+ : ZnC03 and ~ 5 % Fe2+ : MgCOj at 4.2 K in 
zero applied magnetic field, taken from refs. [3] and [4] respecti
vely. Both represent a single magnetic hyperfine field acting on the 
57Fe nuclei parallel to the principal axis of an axially symmetric 
electric field gradient. The hyperfine fields in the two samples are 
19.1 T and 19.8 T respectively. The hyperfine field observed at the 

5?Fe nuclei in antiferromagnetic FeCC>3 is 18.4 T [1]. 
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FREE I O N  S T A T E  * C U B I C  F I E L D  T R I G O N A L  FIELD 

+ T R I G O N A L  F I E L D  + 
S P I N - O R B I T  

GROUND S T A T E  COUPL I N G  

FIG. 2. -The energy levels of an Fe2+(3d6) ion in a site of 
trigonal symmetry similar to that which it occupies in FeCOs, 
ZnCOs, etc. (a) shows the splitting of the 5D ground free ion 
term in a trigonal crystal field given by 

where the Op(L) are the equivalent operators defined by 
Orbach [6] .  (b) Shows the splitting of the cubic 5T29 orbital 
triplet by the trigonal crystal field term Bg 002 and the spin-orbit 

coupling IL. S. 

evidence of magnetic hyperfine structure in the 57Fe 
Mossbauer spectra, which show a splitting due to 
electric quadrupole interactions only. In this paper we 
will examine qualitatively the spectra of Fez+ : CaCO, 
and Fez+ : CdCO, in the presence of applied magnetic 
fields in order to establish the nature of the Fez* 
ground state. and relaxation processes. A later publi- 
cation will contain a more quantitative discussion 

2. Experimental. - Powder samples of 
Fez+ : CaCO, and Fe2+ : CdCO, were precipitated 
from oxygen-free aqueous solutions of the appropriate 
cation sulphates by adding excess NaHCO,. The 
crystallinity and chemical homogeneity of the precipi- 
tates were improved by maintaining them in a hydro- 
thermal vessel at 300 OC and approximately 2.2 kbar 
for 5 days. Although precautions were taken at all 
stages of the preparation to exclude oxygen from the 
system, evidence of ferric iron was subsequently observ- 
ed in the spectra of all samples. Cation concentrations 
were determined by atomic absorption analysis. 

Also studied was a large crystal of the mine- 
ral ankerite from Lake Lefroy, Western Australia, 
which analysis showed was mainly Fez+ : CaCO, 
(approx. 98.85 W % CaCO,, 0.85 W % FeCO,, 
5 0.15 W % MgCO, and MnCO,). 

The Mossbauer spectra were recorded using a 
constant acceleration spectrometer [7] with a 57CoH 
source. Magnetic fields were applied to the carbonate 
absorbers in a direction perpendicular to the y-ray 
beam using an electromagnet for the region 0-0.125 T 
and a split-coil superconducting magnet for higher 
fields. 

3. Results. - Figure 3 shows the Mossbauer spec- 
tra of a slice of the ankerite crystal at 4.2 K with the 

FIG. 3. - Mossbauer spectra of a slice of ankerite singlecrystal 
at 4.2 K with the magnetic fields indicated applied parallel to the 
crystal c axis, which was perpendicular to the y-ray beam. The 

source was 57CoPd at room temperature. 
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magnetic fields indicated applied along the crystal c 
axis, which is the trigonal axis of the cation sites. As the 
applied field is increased from zero the absorption lines 
initially broaden and then split, and finally at higher 
fields well-resolved magnetic hyperfine structure 
appears. The similarity of this hyperfine structure to 
that observed for Fe2 + in other isomorphic carbonates 
such as MgCO, and ZnCO, (Fig. 1) presumably reflects 
a similarity in the Fe2+ wave functions, at least in the 
presence of a Zeeman interaction. Assuming that the 
energy level structure of ~ e ~ +  in CaCO, is fairly similar 
to that shown in figure 2, the broad absorption lines in 
the spectra of figure 3 for low applied fields (5 0.15 T) 
can be attributed to relaxation of the Fe2+ ion between 
the two lowest states at a frequency comparable with 
the nuclear Larmor precession frequency. In this case 
the apparent change in the relaxation spectra at the 
lowest field values (effects are clearly observable for 
fields as low as 0.01 T), where changes in the state 
populations must be negligible, can only indicate that 
the nuclear precession frequency is strongly field 
dependent. Spectral changes in very small applied fields 
can sometimes be associated with changes in the elec- 
tron-nucleus coupling [17]. However, such an explana- 
tion cannot be entertained in this case because of the 
magnetic anisotropy of the electronic ground states of 
Fez+ in a trigonal site (Fig. 2), i. e. off-diagonal hyper- 
fine interactions are effectively zero and consequently 
the effective field approximation for the 57Fe hyperline 
interactions is valid. 

Figures 4, 5 and 6 illustrate the nature of the relaxa- 
tion processes that are dominant. Figure 4 shows the 
spectra of the same ankerite crystal slice at tempera- 
tures of 2.0 K and 4.2 K in a magnetic field of 0.08 T 
directed along the crystal c axis. The apparent lack of 
temperature dependence in the line-broadening is taken 
to indicate that it is not predominantly due to a spin- 
lattice relaxation process. 

Figures 5 and 6 show the spectra of powder samples 
of CaCO, containing, respectively, 3.6 molar percent 
FeCO, and approximately 10 molar percent FeCO,. 
For all of these spectra the absorbers were at 4.2 K 
with magnetic fields applied as indicated. Absorption 
peaks due to the Fe3+ impurity can be seen in the 
higher field spectra of figure 5 : their positions are 
indicated by arrows at the top of the figure. The 
spectra in these two figures indicate that, for a parti- 
cular value of the applied field, the Fe2+ relaxation 
rate is faster for increased Fez+ concentration. This 
supports. the conclusion drawn above that spin-lattice 
relaxation processes are not important at this tempe- 
rature since concentration-dependent effects such as 
phonon-bottlenecking (which is not expected to be 
significant in a Mossbauer experiment) and. resonant 
scattering of phonons were not apparent in experiments 
on Fez+ : ZnCO, for concentrations up to 20 molar 
percent FeCO, [3] .  It suggests that the dominant rela- 
xation mechanism is an Fe2+ -Fez+ coupling. 

FIG. 4. - Mossbauer spectra of a slice of ankerite single crystal 
at 4.2 K and 2.0 K with a magnetic field of 0.08 T applied parallel 
to the crystal c axis, which was perpendicular to the y-ray beam. 

The source was 57CoRJ at room temperature. 

FIG. 5. - Mossbauer spectra of a synthetic powder sample of 
3.6 % Fez+ : CaCO3 at 4.2 K with the magnetic fields indicated 
applied perpendicular to the direction of the y-ray beam. The 
positions of absorption peaks due to an Fe3+ impurity are indi- 
cated by arrows at the top of the figure. The source was 57CoF'cJ 

at room temperature. 
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FIG. 6. - Mossbauer spectra of a synthetic powder sample of 
10 % Fez+ : CaCO3 at  4.2 K with the magnetic fields indicated 
applied perpendicular to the direction of the y-ray beam. The 

source was 57CoPdat room temperature. 

Figure 7 shows spectra for a sample of 3.8 molar 
percent FeCO, in CdCO, at 4.2 K in various applied 
magnetic fields. The general behaviour can be seen to 
be qualitatively similar to that of the 3.6 % Fez+ : 
CaCO, sample (Fig. 5), although the relaxation rate in 
a particular applied field may be slower for Fez" : 
C ~ O ,  than f & ~ e ~  + : C~CO;. 

4. Discussion and interpretation. - The results given 
above suggest that while the energy level structure of 
Fez+ in CaCO, and CdCO, is somewhat similar to that 
shown in figure 2, the 57Fe nucleus experiences a 
magnetic hyperfine field that depends strongly on the 
applied field for very small applied fields and that 
coupling between the Fez+ ions allows them to relax 
between the two lowest electronic states. We can inter- 
pret this behaviour in terms of a simple model in which 
the Fez+ ion occupies a substitutional site whose 
symmetry is lower than the axial symmetry of the host 
cation sites, but with only a small distortion from axial 
symmetry. 

The essential features of the spectra shown in 
figures 3-7 can be understood if a small rhombic dis- 
tortion, described by a term of the form B;(L; - L:), 
is added to the trigonal crystal field hamiltonian of the 
Fe2+ ion, with I B: I 5 20 cm-l. Such a distortion will 
mix and split the states of the ground doublet of 
figure 2, resulting in two non-magnetic singlets $, 
and II/, that are separated by 5 0.5 cm-l. A magnetic 
field applied along the crystal c axis will tend to 

FIG. 7. - Mossbauer spectra of a synthetic powder sample of 
3.8 % Fez+ : CdC03 at 4.2 K with the magnetic fields i ndicated 
applied perpendicular to the direction of the y-ray beam. The 
positions of absorption peaks due to an Fe3+ impurity are indicat- 
ed by arrows at the top of the figure. The source was 57CoE 

at room temperature. 

remagnetize ,these states. Matrix elements of the form 
< $z 1 S, I > and < $, I L, I $, > will be non- 
zero and magnetic field dependent, and can provide 
an explanation of the field dependent relaxation in 
terms of spin-spin coupling. A quantitative calculation 
of the ankerite single crystal spectra based on this 
simple model has been made and will be reported in 
detail later. The solid lines through the spectra of 
figures 3 and 4 are derived from this calculation : the 
variation between spectra depends only on the known 
changes in H, the magnetic field applied along the 
crystal c axis, and the temperature T. All other para- 
meters are constant for all the calculated spectra in 
these figures. The hyperiine coupling constant depends 
on 6 cc B;/H, with B; constant, and the relaxation rate 
depends on 6 and, through the populations of the 
states, T. I." i 

As was noted in the last section, the data of figures 5 
and 7 indicate that the relaxation rate for any particular 
field value is faster for Fez+ in CaCO, than in the 
almost equally concentrated sample of Fez+ in CdCO,. 
This can be explained in terms of the above model if, 
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given constant values of other parameters, the distor- 
tion parameter I B: I is larger for Fez+ : CaCO, than 
for the CdCO, host. This might suggest that the 
magnitude of the distortion depends on the mis-fit of 
the Fez+ ion in the lattice : typical values for the radii 
of Fez+, Cd2+ and Ca2+ ions coordinated to six 
oxygen ligands are [8] 0.77 A, 0.95 A and 1.00 A 
respectively. 

Several mechanisms for such a static distortion can 
be considered. Earnshaw's theorem [9] states that an 
ion cannot be in equilibrium under the action of electro- 
static forces only. Therefore, a small ion in a suffi- 
ciently large cavity will tend to occupy an off-centre 
position. Assuming a rigid lattice, this mechanism 
would produce a distortion magnitude depending on 
the substitutional mis-fit of the Fez+ ion. However, 
the EPR results of Marshall and Reinberg [lo] for 
Fe3+ (radius w 0.65 A [8]) in CaCO, and of Kikuchi 
and Matarrese [ l l ]  for Mn2+ (radius - 0.82 A [8]) 
indicate that both of these ions occupy sites of strictly 
trigonal symmetry in CaCO,. It therefore seems likely 
that these purely local electrostatic effects are not the 
source of a distortion. 

A second possible mechanism is a Jahn-Teller distor- 
tion which could occur in order to lower the total 
vibronic energy of the ion-lattice system. A distortion of 
this nature is not expected for Mn2' or Fe3+ ions 
since their ground states have only spin degeneracy 
and are very weakly coupled to the lattice. However, the 
zero field splitting of the Fez + ground doublet required 
to explain our results is < 1 cm-l, which is too small 
to be due to a static Jahn-Teller distortion at 4.2 K. 
In any case, it is very unlikely that Fez+ in octahedral 
coordination would undergo a static distortion due to 
the Jahn-Teller effect [12, 131. 

A third possibility is the production of a static 
distortion by random strains in the crystal, as appears 
to occur for Fez+ in MgO [13]. While there is no evi- 
dence of the presence of strain effects in very dilute 

(- 10 ppm of impurity) Fe3+ : CaCO, [lo], EPR 
spectra of CaCO, samples with higher impurity levels 
show increasingly important effects of strains [14, 151. 
Some support for this mechanism may be drawn from 
the EPR spectra of a piece of the ankerite crystal used 
for the Mossbauer measurements reported here. 
Firstly, no EPR spectrum attributable to Fe3+ was 
observed at temperatures down to 90 K although it is 
most unlikely that no Fe3+ was present in the sample. 
Secondly, and perhaps more significantly, the 
m, = - + -+ +transitions of Mn2+ were observed with 
a linewidth (- 3 Oe at 90 K) that was broadened from 
that observed in a more dilute sample [lo] and was 
dependent on the applied field orientation. Other 
Mn2+ electronic transitions were much broader and 
difficult to observe. 

There is, however, another and more novel explana- 
tion for the results reported here that requires no 
lowering of the overall symmetry of the Fez+ site. If a 
dynamic Jahn-Teller effect was present, as it appears to 
be for Fez+ in MgO and CaO [12, 161, no splitting of 
the ground doublet of ~ e ' +  would occur since the 
symmetry of the site would remain trigonal. If this 
effect could produce cooperative vibrations of the 
Fez+ ligands it would provide a coupling between- 
impurities that might give rise to the relaxation effects 
observed : the relaxation mechanism would be effecti- 
vely an enhanced spin-lattice type of interaction. 
This explanation is, of course, very speculative at this 
stage. Evidence of the existence of a dynamic Jahn- 
Teller reduction of the spin-orbit coupling could be 
sought by far infra-red or neutron scattering measu- 
rements. 
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