
Magnetic phase diagram for FeC03, an lsing antiferromagnet with anti- 
ferromagnetic inter- and intrasublattice exchange coupling 

V. V. Eremenko, N. F. Kharchenko, L. I. Belyi, M. Gillaud'), A. Marshan'), and 
P. Feldman2) 

Low Temperature Physicotechnical Institute, Academy of Sciences, Ukrainian SSR 
(Submitted 11 May 1985) 
Zh. Eksp. Teor. Fiz. 89, 1712-1733 (November 1985) 

The behavior of the two-sublattice collinear antiferromagnetic material FeCO, in strong pulsed 
or dc magnetic fields HI1 C, is investigated by magnetooptical and magnetic techniques. Compari- 
son of the results of the pulsed and static experiments indicates that the antiferromagnet FeCO, is 
strongly cooled by magnetizing pulses of amplitude close to the magnetic transition field H I .  The 
magnetic phase diagram in the H , T  plane is found, and it is shown that FeCO, exists in a mixed 
magnetic state for fields HI < H < H2 and temperatures below the critical point T, ~4 K; this 
state can be described in terms of a restructuring of soliton lattices in the field. It is shown that 
FeCO, belongs to a little-studied class of Ising antiferromagnets in which magnetic ions in both 
identical and different sublattices are involved in antiferromagnetic exchange interactions. 

1. INTRODUCTION 

Iron carbonate, which occurs naturally as siderite, is a 
familiar example of a two-sublattice collinear antiferromag- 
netic (AFM) material with easy-axis anisotropy. Although 
the impurities in naturally occurring minerals vary qualita- 
tively in composition and concentration from one sample to 
another, the properties of optically transparent siderite crys- 
tals are well-defined, and the onset of magnetic ordering oc- 
curs at temperatures close to the Nee1 temperature T = 38 K 
for synthetic FeCO, powder. 

The rhombohedra1 calcite structure of the FeCO, crys- 
tals does not change upon oxidation. The magnetic and 
chemical unit cells coincide and are described by the R 5~ 
magnetic space group.' The magnetic moments of the Fe2+ 
ions are directed along the C, trigonal axis. The crystals con- 
tain alternating layers in which the Fe2+ spins point "up" 
and "down," respectively. The low-energy spectrum of 
FeC03 is accurately described by the two-sublattice Ising 
model, which is valid because the closest excited energy lies 
quite far from the ground-state Kramers d ~ u b l e t . ~  The near- 
est neighbors of each Fe2+ ion belong to the second sublat- 
tice and are arranged in two adjacent layers; they are cou- 
pled by the exchange interaction to the central AFM Fe2+ 
ion. There is no consensus regarding the nature of the inter- 
action among the ions that lie in the second coordination 
sphere, belong to the same sublattice, and are contained in a 
single layer. Model interactions involving only nearest 
neighbors have been used to explain the observed far-IR ab- 
sorption,3s4 Raman ~ c a t t e r i n g , ~ . ~  inelastic neutron scatter- 
ir~g,'-~ and Mossbauer effect.''-l2 The temperature depen- 
dence of the sublattice magneti~ation,~ the available data on 
the temperature dependence of the magnetic susceptibil- 
ity,l3.14 the observation of a sharp transition from the AFM 

to the saturated paramagnetic ( P M )  states in a magnetic 
field,15315 and an analysis of the possible exchange cou- 
p l i n g ~ ' ~  all suggest that the interaction between second mag- 
netic neighbors is ferromagnetic in n a t ~ r e . ~ . ~ . ' ~ - "  At first 
glance, this conclusion would appear to be supported by the 

marked hysteresis in the magnetic properties during the 
phase transition. However, unlike other Ising antiferromag- 
nets in which both the inter- and the intralattice interactions 
are antiferromagnetic (e.g., as in the classical metamagnets 
such as FeC1, (Ref. 18) ) , the transition in FeCO, from the 
AFM to the saturated paramagnetic state is gradual rather 
than abrupt and occurs over a wide range of magnetic fields 
HI < H < H2 of width > 30 kOe. This interval exceeds the 
maximum interval 4 r h M  = 9 kOe determined by the de- 
magnetizing fields. 

Careful measurements of the differential magnetic sus- 
ceptibility in experiments with pulsed magnetic fields have 
revealed that the transition has a magnetic fine structure- 
there are two small but abrupt changes in the magnetization 
at the endpoints H I ,  H, of the field interval, within which the 
susceptibility x oscillates with a small magnitude. There 
is a rapid increase in the hysteresis when H approaches H2. It 
was noted in these papers that the magnetization in siderite 
behaves much like that in type-I1 superconductors, and a 
model was proposed in which the Fe2+ ions belonging to the 
same sublattice are antiferromagnetically coupled. The 
smoothness of the AFM-PM transition was attributed to a 
quasicontinuous change in the number of magnetic sublat- 
tices and to the formation of a superstructure of period much 
greater than the dimensions of the chemical elementary cell. 

In the molecular field approximation, the simple two- 
sublattice model of Ising antiferromagnets with AFM intra- 
lattice exchange predicts that there is a range of fields within 
which neither the AFM nor the PM states are stable at T 
= 0 K (Ref. 22). This difficulty can be eliminated by con- 

sidering additional sublattices. The problem was analyzed in 
Ref. 23 for a cubic antiferromagnet with four sublattices, 
and it was found that when the temperature drops below 
T, = (a,,, J,,, /z, ,  J,, ) T, the AFM-PM transition may 
occur as a series of phase transitions, one of which is first- 
order (here J,, and J,,, are the exchange interactions for 
nearest [z,, ] and second-nearest [z,,, ] neighbors). How- 
ever, studies of the AFM-PM phase transition temperature 
for FeCO, in pulsed fields24 give a critical temperature 
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T, = (0.7-0.8) T, which is too high. Indeed, this value of Tc 
would require that the interactions J,, and J,,, be similar in 
strength, which is hardly likely for FeCO,. Moreover, the 
interval H2-HI would also have to be much wider than is 
actually observed. 

The experimentally observed hysteresis of FeCO, dur- 
ing pulsed magnetization also lacks a clear-cut explanation. 
Although the hysteresis makes it obvious that the 
AFM-+PM transition must be nonequilibrium, the reason 
for the nonequilibrium nature of the transition has not been 
resolved. Various mechanisms have been p r o p o ~ e d ' ~ . ~ ' , ~ ~ . ~ ~  
to account for the hysteresis for fields extending down to 
H = 0, but none of them gives a unified, self-consistent treat- 
ment of the magnetic phase transition in siderite. 

The conflicting interpretations of the magnetic transi- 
tion in FeCO, are primarily the result of difficulties in ascer- 
taining the magnetic phase composition of the crystals for 
HI < H < H, and to the lack of data on the degree of (ther- 
modynamic) equilibrium of the transition process. Experi- 
ments in dc fields and magnetooptical studies of small re- 
gions of siderite crystals could be particularly informative 
here, and such experiments were carried out in our present 
work. We measured the magnetization M ( H )  and suscepti- 
bility x in dc fields, and the magnetoptical (Faraday) rota- 
tion @ ( H )  of the polarization plane of light in pulsed fields. 
Surprisingly, our results on M ( H )  in static fields did not 
suffice to establish the qualitative nature of the magnetic 
phase transition in FeCO,. Although M ( H )  and @ ( H )  re- 
corded in pulsed  field^'^-^^,^' have pronounced peaks at HI 
and H,, we did not observe such peaks for M ( H )  recorded in 
static fields even for T = 1.5 K .  On the other hand, the width 
AH = H, - HI of the AFM-PM transition interval was 
comparable to that for the pulsed measurements. Compari- 
son of the pulsed and quasistatic results revealed that FeCO, 
undergoes substantial cooling during magnetization in a 
pulsed field. This adiabatic cooling turns out to be of crucial 
importance for reconstructing the phase diagram of FeCO, 
from pulsed data. Measurements of the differential suscepti- 
bility in quasistatic fields for T below 4 K demonstrated that 
two phase transitions occur at the endpoints H I ,  Hz for suffi- 
ciently low temperatures. The magnetooptical studies 
showed that the phase of the sample was homogeneous for 
almost all H in (H, ,  H,), except in the immediate vicinity of 
H,. Our results suggest that the phase transition at H ,  is 
second-order and remains so for T down to -0.5 K. Finally, 
we used the experimental data to plot the magnetic phase 
(HT)  diagram for FeCO, and determined the critical tem- 
perature Tc = 6 + 2 K (this value is consistent with the 
magnitude and AFM nature of the exchange interaction 
among the second-nearest neighbors as estimated from the 
fields HI and H,). The rest of this paper is concerned with a 
discussion of these results. 

2. EXPERIMENTAL METHODS 

Most of the experiments discussed here were carried out 
at the Low Temperature Physicotechnical Institute, Aca- 
demy of Sciences, Ukrainian SSSR (pulsed magnetooptical 
measurements) and at the L. NCel Laboratory, National 

Center for Scientific Research, France (dc measurements). 
Identical siderite specimens obtained from Greenland de- 
posits were studied. The magnetooptical studies were car- 
ried out in the longitudinal Faraday geometry LJIHIIC,. The 
Faraday rotation in FeCO, reaches 46 deg/cm . kOe for 
T=: TN and is -- 1.5 - lo4 deg/cm near magnetic saturation; 
it can thus be measured without difficulty by straightfor- 
ward techniques. We used two beams and a Wollaston prism 
analyzer to decrease the errors caused by mechanical vibra- 
tions of the crystal during a field pulse. The alignment of the 
crystal was monitored by analyzing conoscopic patterns, 
and k and H were parallel to C, to within 1 and 3 degrees, 
respectively (these misalignments did not materially contri- 
bute to the experimental error). There were no cold win- 
dows in the optical channel, and the crystal was mounted on 
a cooled heat exchanger. The rise time of the field pulse was 
varied from 1.5 . to 3.5 10-3s, and the amplitude 
ranged up to 350 kOe. We measured the time dependence of 
the current through the solenoid by using a specially de- 
signed low-inductance resistorz8; the phase of the voltage 
across the resistor was precisely matched with the current 
and magnetic field strength in the solenoid. We calibrated 
the solenoid and verified that the voltage drop along the re- 
sistor was proportional to the field strength (and that the 
voltage and field phases were equal) by measuring the Fara- 
day rotation in fused quartz. An He-Ne laser of wavelength 
6328 A served as the light source. 

The dc measurements were carried out in a solenoid 
capable of generating magnetic fields up to 180 kOe. The 
magnetic measurements were carried out using a vibration 
magnetometer. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

3.1 Relation between the Faraday rotation and the 
magnetization of siderite 

In order to quantitatively compare the magnetic and 
magnetooptical properties, one must first determine the ex- 
tent to which the paramagnetic Faraday rotation @ is direct- 
ly proportional to the magnetization M. Because the crystal 
field causes extensive mixing of the multiplet states in com- 
pounds containing elements in the Fe group, the proportion- 
ality coefficient K = M / @  should depend on both T and H 
(Ref. 29). However, in FeCO, the magnitude of the Fez+ 
orbital momentum that is not frozen in is nearly the same for 
all of the low-lying Kramers doublets, and the nearest level 
for which the orbital momentum is different lies at an energy 
of =. lo3 cm-'. We therefore anticipated that K would be 
constant up to high temperatures TS T ,  . For low tempera- 
tures T < 70 K, for which only the lowest Kramers doublet is 
populated, the conditions for K to be constant are even more 
favorable. Because state mixing caused by the magnetic field 
must be of minor importance even in strong fields because 
the energy levels are widely separated and the Fez+ ligand 
environment is highly symmetric, we expected that K would 
be constant for all experimental fields, provided the frequen- 
cy of the optical probing beam remained well away from the 
frequencies of the electron transitions contributing appre- 
ciably to the rotation. 
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FIG. 1. Faraday rotation and magnetization of siderite ( M  a @) as a func- 
tion of the strength of the pulsed magnetic field for several initial sample 
temperatures. 

We tested these conclusions by measuring the wave- 
length and temperature dependences of the Faraday rota- 
tion. The influence of intraconfiguration transitions near 
A = 6328 A was too small to be measured. We compared the 
temperature dependence p ( T) of the specfic rotation with 
available data onX( T)  presented in Ref. 13 for several sider- 
ite specimens and found thatp ( T) andx  ( T) become direct- 
ly proportional at temperatures above TdV, while for T <  TAV 
the proportionality broke down and the curves p ( T )  and 
x ( T )  for different samples were only qualitatively similar. 
However, when we meaured the susceptibility and com- 
pared it with the specific rotation, we found that x and p 
were proportional even for T <  T, , and this continued down 
to 10 K. The deviations from proportionality for T <  10 K 
could have been due to systematic errors in the various ex- 
periments; more probably, however, they reflected the pres- 
ence of impurity ions in the siderite which influencedx andp 
to different degrees. Indeed, Mn2+ is usually the dominant 
impurity in siderite; Mn2+ gives a negligible contribution to 
the Faraday rotation but may alterx significantly because of 
its large magnetic moment. In this case, the Faraday rota- 
tion should reflect the behavior of the Fez+ ions more closely 
than the magnetization. In addition, the relative contribu- 
tion of the thermal diamagnetic Faraday rotation increases 
as T drops, and this could also tend to make p ( T) nonpro- 
portional to X (  T)  . In strong fields for which the magnetiza- 
tion M increases much faster than H,  the contribution from 
the diamagnetic rotation is negligible and we expect M andp 
to be proportional. Indeed, the proportionality coefficient 
K = p( T)/x( T) deduced from the temperature curves forp 
and x was equal to 28 10 + 100 (deg/cm) ( pB/ion) -', 
which is close to the value found by comparing the Faraday 
rotation and the magnetization for siderite in pulsed fields 

> H I ,  the lower bound of the field interval for the magnetic 
transition. For example, Jacobs' data1* for M ( H )  yield 
K = @ ( 2 0 0  kOe)/M(200 kOe) =2820 (deg /cm)(pB/  
ion)-'.  We will henceforth use the value K = 2810 (deg/ 
cm) ( pB/ion)- ' .  

3.2 Cooling of siderite crystals during pulsed magnetization 
in a field HIC, 

If we compare M ( H )  for static fields with M ( H )  de- 
duced for pulsed fields from the Faraday rotation angles @ 
for the same siderite sample, we conclude that the FeCO, 
crystal is substantially cooled in a pulsed field. The curves 
M(Hpuls, ) = K - '@ (Hpulse ) a n d M ( H  dc ) areshownin Figs. 
1 and 2. The temperatures indicated in Fig. 1 are the initial 
temperatures Ti of the crystal at the start of the field pulse. 
The marked difference in the dc and pulsed curves can be 
explained only if the sample temperature is assumed to 
change greatly during pulsed magnetization. We can find 
these temperature changes by comparing M(T),*& and 
M(T)HDuIse = K -'CJ(T) ,DuIse. The final temperatures Tf of 
the crystal were found by matching the values MHdL and 
MHDUIse as shown in Fig. 3; the results are plotted in Fig. 4 as a 
function of the field strength and initial temperature. The 
curves in Fig. 4a correspond to constant entropy, because in 
fields H < HI the magnetization of siderite is an equilibrium 
process, as may be seen by comparing CJ (H) recorded on the 
leading and trailing edges of a field pulse of amplitude 
H, < H,.  Figure 4 shows that when Ha becomes comparable 
to HI z 145 kOe, a crystal initially at Ti = 20 K is cooled 
adiabatically down to 2 K, while Tf is 0.5 K or even lower for 
Ti = 8 K. These large coolings during pulsed magnetization 
clearly cannot be neglected in interpreting the results and 
are essential for constructing the phase diagram for FeCO,. 

Such large coolings during adiabatic magnetization 
should be possible only for Ising antiferromagnets whose 
intrasublattice exchange interaction J,,, is either antiferro- 
magnetic or else ferromagnetic but small. It is well known 
that in the molecular field approximation, Tf vanishes for 
ideal two-sublattice Ising antiferromagnets with J,,, = 0 
which are adiabatically magnetized in a field H, equal to the 

M,Y# ion-' i = Z 9 K  

FIG. 2. Magnetization isotherms for siderite versus strength of dc mag- 
netic field HIIC,. 
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FIG. 3. Deducing the sample temperature during pulsed magnetization of 
siderite by comparing the curves M(T) ,  (experimental points 0, H, A,  
V) and M(T, ) ,  ( O , R , A ,  v). 

phase transition field, provided Ti < 2/3 . T,  (Ref. 30). 
The constant-entropy curves for such an AFM are dashed in 
Fig. 4a; the critical transition field H, is taken to be the aver- 
age (HI + H2)/2. For H not too close to H I ,  the experimen- 
tal points are closely approximated by the constant-entropy 
curves for the simple AFM model, which indicates that the 
exchange interaction among second neighbors is weak in 
FeCO,. On the other hand, the experimental points lie below 
the corresponding curves as Happroaches HI .  This indicates 
first that the phase transition actually occurs at H = HI and 
not at (HI + H,)/2, and second that the transition must be 
accompanied by a sudden increase in the specific heat-this 
increase is responsible for the pronounced adiabatic cooling, 
which is stronger than expected for an AFM with J,,, = 0 
and H, = (H, + H2)/2. This situation is to be expected for 
antiferromagnetic intrasublattice exchange coupling; by 
contrast, a ferromagnetic coupling could suppress the spin 
fluctuations and diminish the cooling effect, as is observed in 
Ising antiferromagnets which exhibit metamagnetic behav- 
iore31 

4. MAGNETIC PHASE STATES AND PHASE TRANSITIONS 

4.1. We are primarily interested in whether siderite 
crystals consist of a single magnetic phase in the field inter- 
val H, < H < H,, or whether they contain both antiferromag- 
netic and paramagnetic domains. Because the difference in 
the Faraday rotation @ in these domains may reach 1000 

deg/mm for a metamagnetic AFM+PM transition, one 
would expect that crystals of width less than 1 mm would 
depolarize linearly polarized incident light almost complete- 
ly. In the first experiments, which were carried out for sam- 
ple temperature T = 25 K, depolarization was in fact ob- 
served for light traveling across the siderite parallel to the C, 
axis in a magnetic field of strength between HI and Hz. Cir- 
cularly polarized light was not appreciably depolarized, 
from which we concluded that the polarization of the par- 
tially depolarized light can be pictured as a "fan" of polar- 
ization planes. Since magnetic rotation of the polarization 
plane is the only possible mechanism for light traveling 
along the optic axis of a centrosymmetric crystal, the de- 
polarization must be attributed to a nonuniform distribution 
of the magnetization in the siderite. Experiments using crys- 
tals of various thicknesses revealed that the distribution is 
nonuniform in the bulk of the crystal, while experiments 
using a diffracted light beam of diameter down to 60 p m  
showed that the inhomogeneities are unrelated to spatial 
variations in the demagnetizing fields, and that their charac- 
teristic diameter is much less than 60 pm. It might appear 
that only a magnetic phase stratification could account for 
this depolarization. However, estimates of the magnitude of 
the magnetic inhomogeneities required to explain the ob- 
served magnitude of the depolarization give values that are 
implausibly high. For crystals thin enough so that the de- 
polarization D = 1 - (I,,, - I,,, )/(I,,, + I,,,, ) was less 
than 0.5, the formula 

relates D to the root-mean-square deviation ( w) 'I2 of 
the magnetization from the mean value M for cylindrical 
regions of the crystal which are parallel to the vector k and 
have transverse dimensions of at least IE xA.  This formula 
implies that ( w) )'I2 -0.04 M,,, . On the other hand, the 
difference between the magnetic moments for the PM and 
AFM phases is comparable to M,,, . If we assume that the 
PM and AFM phases coexist in the crystal, then SM can be 
small only if the light is obliquely incident on the domain 
walls (this is because the interphase boundaries should ori- 

FIG. 4. Cooling of a siderite crystal with increasing 
pulse strength ( a ) ,  and final temperature T, as a 
function of the initial temperature T, of the sample 
for several pulse amplitudes ( b ) .  
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FIG. 5. Depolarization of siderite. The increase of the Faraday rotation 
angle to 10rr is responsible for the oscillations in the light intensity Z ( H )  
transmitted by the polarizer-sample-analyzer system. The decrease in the 
oscillation amplitude ( a )  indicates that the polarization of the light beam 
was spatially inhomogeneous; trace a was recorded before and traces b, c 
after cryomagnetic treatment, in which a field pulse of amplitude 250 kOe 
was applied; T, = 8 and 25 K for b and c, respectively. Sample thick- 
nesses: a )  1.45 mm; b, c )  1.05 mm; A = 6328 A. 

ent themselves parallel to the magnetic field, particularly 
when the magnetic moments in the two phases differ wide- 
ly).  The angle of incident 6' must be greater than d /t, where d 
is the period of the domain structure and t is the thickness of 
the crystal. If the divergence of the laser beam is small, we 
would expect D to increase when 6' varies so that the angle 
between k and the plane of the domain walls decreases. How- 
ever, we did not observe any appreciable change in D when 6 
changed several degrees. In addition, for angles 252 5 20" we 
did not detect any diffraction associated with the possible 
formation of a small-period magnetic domain structure. 
These negative findings make phase stratification seem im- 

plausible. Moreover, if we nevertheless assume that a do- 
main structure formed, then the structure would be only 
metastable for fields H,  - H I  > 4rAM and one would not 
expect the domain dimensions to change gradually [the lat- 
ter is required in order to account for the smallness of the 
depolarization and for the smooth behavior of I ( H )  1. We 
think it more likely that the depolarization is due to weak 
magnetic inhomogeneities associated with structural defects 
in the crystal which are generated at threshold fields. Be- 
cause of the magnetoelastic coupling, the resulting elastic 
stresses induce local changes in the magnetization. Esti- 
mates show that elastic stresses of order lo3 kg/cm2 can pro- 
vide the required change of = M,,, . 

The experiments with samples cooled below 8 K pro- 
vided unexpectedly strong evidence for the lack of a two- 
phase AFM+PM structure for H ,  <H<H,. No depolariza- 
tion was noted in these samples, nor was it observed after the 
samples were warmed to 25 K, or to 290 K followed by re- 
cooling to 25 K (Fig. 5).  Moreover, depolarization was not 
found even in freshly prepared crystals at T = 25 K during 
the first few field pulses-several strong field pulses were 
required to produce depolarization. The properties and the 
small magnitude of the depolarization of light in freshly pre- 
pared specimens support the hypothesis that the depolariza- 
tion was associated with structural defects generated at 
threshold field strengths. These defects are reversible initial- 
ly, but the subsequent field pulses make them permanent. 
The irreversible disappearance of the depolarization proper- 
ties of siderite at lower temperatures could be due to an en- 
hancement of the effects of dynamic magnetostriction acting 
on the crystal defects, with the result that local elastic stress- 
es may be eliminated irreversibly through the formation of 
microcracks, extrusion of dislocation pile-ups to the surface 
of pores, etc. 

The smooth change in the Faraday rotation @ and the 
behavior ofD in siderite for fields H ,  < H  < H ,  thus lead us to 
conclude that pulsed magnetization of the antiferromagnet- 
ic FeCO, results in a state which is neither AFM nor PM; 
although the characteristic dimension of the new structure 
may be incommensurate with the period of the elementary 
cell, it is in any case less than the wavelength of the light. The 
properties discussed above suggest that a single-phase mag- 
netic state may be involved. We will henceforth refer to it 
somewhat arbitrarily as a mixed or C-state (as was suggested 
in Ref. 20), where just as for the case of type-I1 superconduc- 
tors the word "mixed" does not indicate the physical coexis- 
tence of separate phases but rather a mixture of phase prop- 
erties. In other words, in the mixed state the geometric 
dimensions of the regions comprising the two phases are 
comparable to the lattice constant. The C-state in FeCO, can 
also be regarded as an AFM state in which the density of 
soliton excitations is such that their interactions give rise to a 
dynamic or stationary cooperative state. 

4.2. In addition to the depolarization of light, which 
was observed in a wide field interval H ,  < H  < H,  for speci- 
mens not subjected to cryomagnetic treatment, we also 
found peaks in the intensity I ( H )  of the light transmitted by 
the polarizer-sample-analyzer system; the peaks were con- 
fined to narrow intervals H  -- H ,  and H z  H,. The changes in 
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Z(H) for H-H, were most abrupt for crystals that were not 
exposed to strong magnetic fields at low temperatures. For 
specimens of thickness 1.45 mm and initial temperature 
Ti = 25 K, the amplitude of the oscillation near H, was al- 
most 10 times smaller. The peaks became sharper after cryo- 
magnetic treatment at T = 8 K. By moving the polarizer and 
changing the sample thicknesses, we were able to observe 
several different features in the (H) curves-a spurious low- 
amplitude oscillation, a narrow horizontal shelf, and an 
abrupt jump (the number of true oscillations was deduced 
from the dependence Z(H) on the trailing edge of the field 
pulse, where the oscillating dependence was devoid of unu- 
sual features). We can understand this behavior by assum- 
ing that a first-order magnetic phase transition occurs at H,, 
and the crystal breaks up into domains of two phases whose 
boundaries are parallel to the magnetic field and which have 
different Faraday rotations. The abrupt jump in Z(H) in the 
oscilloscope traces for thin specimens (Fig. 6 )  and the dis- 
continuities in @ ( H )  (Fig. 7) deduced from the traces indi- 
cate unambiguously that the magnetic moment of the crystal 
changes abruptly at H = H,. Only a first-order phase transi- 
tion could account for this change. The magnitude AMof the 
jump can be calculated from the jump in the Faraday rota- 
tion, which was equal to 110 deg/mm for Ti = 22 K and 73 
deg/mm for Ti = 6 K. The corresponding jumps AM are 
equal to 71 and 47 emu/cm3. The drop in AM with decreas- 
ing temperature could be due to an increase in the nucleation 
time for the new PM phase, since the magnetization of the 
old C-phase increases with H faster than M for the PM 
phase. 

@, lo3 deg . -  H-H,. kOe 

The behavior ofZ(H) near HI is different. The decrease 
in the oscillation amplitude occurs in a larger field interval of 
width -5 kOe (as compared with - 1 kOe near H,); more- 
over, the magnitude of the decrease is much smaller (at most 
lo%),  and it is difficult to detect (see Fig. 5)  and differs for 
different samples. Although a kink near H, can be discerned 
in the traces recorded for thin crystals with T = 22 K, no 
jump is present. When Ti decreases to 6 K, the slope of Z(H) 
increases near HI ,  but @(H)  remains smooth (see Fig. 7). If 
as in Fig. 7 we take H, for Ti = 6 K to be the field at which 
@(H)  has a kink, @(H)  varies exponentially for H 5 HI (see 
the insert to Fig. 7).  The continuous behavior of @ (H) indi- 
cates that even at Ti = 6 K the phase transition at H = HI is 
second-order (for an initial temperature Ti = 6 K, the an- 
ticipated crystal temperature is less than 0.5 K at H = H,, 
see Fig. 4). 

The curve @(H)  can be used to estimate the maximum 
differential magnetic susceptibility for H >  HI;  we get the 
value 0.08-0.09 emu/cm3, which is only slightly less than 1/ 
N ,  = 0.12 emu/cm3, the maximum possible susceptibility 
of the crystal (here Nz -- 8 is the demagnetizing factor for 
siderite). We expect that at lower temperatures, the demag- 
netizing fields will cause the second-order transition at 
H = HI to become first-order for crystal wafers cut perpen- 
dicular to the C3 axis. 

Although the existence of the phase transitions at 
H = H, and H, is beyond dispute, measurements in pulsed 
fields alone cannot establish whether the transitions in 
FeCO, are equilibrium or kinetic processes. To answer this 
question we measured M and ,y in strong dc fields. 

FIG. 7. Faraday rotation in siderite during the 
AFM-C-state-+PM magnetic transition in a 
pulsed field. 
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FIG. 8. Magnetization of siderite during the magnetic transition in a dc 
field. 

The qualitative form of M ( H )  for siderite in dc fields 
changes as T decreases. Thus, although M ( H )  has distinct 
kinks corresponding to AFM-PM phase transitions (Fig. 
2 )  at high temperatures, for T <  8 K,  M peaks abruptly in- 
side the transition interval of width 30-40 kOe (Fig. 8 ) .  The 
fine structure of the magnetic transition can be determined 
only be measuring the differential magnetic susceptibility 
(Fig. 9).  The peak i n ~ ( H ) ~  at first becomes sharper as T 
drops below 7 K, but broadening followed by a splitting of 
the peak occurs for T <  4.2 K.  Figure 9 clearly shows two 
peaks in the plateau-shaped curve x (H) for T = 2 and 1.5 
K.  

The behavior of the isothermal curvesx (H) is consis- 
tent with the results from the pulsed measurements if we 
allow for the adiabatic cooling of the crystal during the 
pulsed magnetization. The characteristic features of the 
@ ( H )  curves for pulsed fields and Ti = 6 K are much more 
pronounced than for the M(H).  curves recorded in a steady 
field at T = 1.5 K. The most likely explanation is that in the 
pulsed measurements the magnetic transition occurred at 
lower temperatures than the lowest temperature 1.5 K for 
which the isotherms were recorded. Although one cannot 
completely rule out the possibility that the phase transition 
may have been kinetic (nonequilibrium), particularly at the 
field H I ,  the threshold fields H , ,  H2 were nevertheless nearly 
identical for the pulsed and the dc measurements. This indi- 
cates that at least qualitatively, the AFM-C-state-PM 
magnetic transition proceeded in thermodynamic equilibri- 
um in the pulsed measurements. 

4.3. The @ ( H )  curves for siderite in pulsed fields have 
an additional feature that was not discussed above-the 
traces I(H) show a distinct kink at H ; = 123 kOe (see Figs. 
5 and 10) for Ti = 8 K in crystals of good optical quality, 
and the kink is still discernible for Ti = 17 K ( Tf = 1 K ) .  
For increasing H > H ; , cP (H) rises almost linearly with H;  
thereafter, the growth becomes exponential as H approaches 
H , .  It is difficult at this point to say anything specific regard- 
ing the physical nature of this behavior; however, the fact 
that a kink is observed only for high-quality crystals suggests 
that it is not associated with impurities but rather reflects the 
properties of the Fe2+ magnetic subsystem. The kink could 

be due to formation of the C-phase, which is stabilized by 
exchange interactions among remote Fe2+ ions (third co- 
ordination sphere and beyond). The kinks are not present in 
the M ( H )  curves recorded for dc fields, presumably because 
the measurements were not carried out at sufficiently low 
temperatures. 

5. HYSTERESIS PROPERTIES OF SIDERITE 

Figures 1 and 7-1 1 illustrate the fundamental hystere- 
sis properties of the Faraday rotation for various pulsed field 
amplitudes and initial sample temperatures. The hysteresis 
becomes appreciable once H reaches H ;  and thereafter in- 
creases with H .  If H > H ; is sufficiently close to H ; the 
features o f I ( H )  at HI and H ; are reproduced on the trailing 
edge of the field pulse (traces a and b in Fig. 10). As H 
approaches H,, the features become broader and less dis- 
tinct. Nevertheless, I ( H )  has characteristic kinks for HzH,  
and H ; (Fig. lOc), indicating a departure from smooth os- 
cillations. As soon as H becomes greater than H,, the kinks 
at H ; and HI are no longer reproduced on the trailing edge 
of the pulse. The field interval H < H, contributes substan- 
tially to the area S of the hysteresis loop (see Fig. 1 ). Figure 
1 la  plots S(H) in energy units. We see that Sjumps abruptly 
at H = H,, more than doubling in value. S decreases as T 
rises and vanishes at Ti z 3 1 K. The @ ( H )  curves recorded 
in the backward direction (decreasing H) for several Ti are 
all similar (but not identical to) the zero-hysteresis cbrve 
recorded for Ti = 3 1 K (see Fig. 1 ) . A small hysteresis may 
be noted for quasistatic fields and temperatures below 4.2 K 
(Fig. 8 ) ;  its area is equal to 0.5 J/cm3, as compared with 
S = 3 J/cm3 for the pulsed experiments. 

The nature of the magnetic hysteresis in siderite has 
been discussed in Refs. 16,21,25, and 26. It was suggestedI6 
that the magnetic transition in siderite is an ordinary first- 
order metamagnetic phase transition which is washed out by 
spatial variations in the exchange fields that act on the mag- 
netic ions in crystals with high impurity concentrations, 
while the hysteresis is due to the action of the field pulse, 
which retards the transition. The intensity and shape of the 
electron absorption bands in siderite were analyzed spectro- 

70 ' ( d ~ / d ~ ) , y ~  . ion-' 

2 r  

FIG. 9. Differential magnetic susceptibility of siderite recorded for dc 
fields close to the transition field H,. 
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FIG. 10. Hysteresis in I ( H )  for four different pulse 
amplitudes: a )  Ha =H,;  b) H, > H,; c )  Ha <Hz;  

scopically in Ref. 25, where it was concluded that the sample 
temperature increases abruptly to 24 K once H reaches H ,  
and thereafter rises to 27-28 K; however, the temperature 
was ~ 2 4  K at the instant the field pulse terminated. The 
difference between the M ( H )  curves for the leading and 
trailing edges of the pulse was ascribed to irreversible heat- 
ing when H reached the threshold value H,. In Ref. 26 an 
attempt was made to explain this heating for a metamagnetic 
siderite model (i.e., J,, < 0 and J,,, > 0 ) ;  irreversible ab- 
sorption of energy from the time-varying magnetic pulse 
near the critical point was assumed to be the dominant pro- 
cess, and the liberation of the latent heat of transition was 
taken to be responsible for heating the sample to the critical 
temperature. On the other hand, an AFM siderite model 
with exchange interactions among ions in the same sublat- 
tice (i.e., J,, , J,,, < 0 )  was considered in Ref. 21, and the 
hysteresis was attributed not to heating but to the long time 
required for equilibrium multisublattice C-phase structures 
to form, and to the existence of a metastable nonequilibrium 

H < H, was found above and is shown in Fig. 4. The sample 
temperature in a decreasing field H > HI was found from the 
intersection point of the curves M(H,,, T = const) and 
M(H,,,,, , T, ) by assuming equilibrium M(H) dependences 
for both the dc (quasistatic) and pulsed fields. Figure 12a 
plots M ( H )  for dc fields at various temperatures, along with 
K -'@(HP,,,, ) for the leading and trailing edges of the pulse 
for T = 8 K and two pulsed field amplitudes Ha < H ,  and 
Ha >Hz. 

We estimated the sample temperature for H < H, by 
comparing the curve M(HP,,,,, T, = 8 K )  with isotherms 
M ( H ) ,  

calculated in the molecular field approximation for the para- 
magnetic state of an Ising antiferromagnet. Figure 12b 
shows the results, which were calculated for 
p =pFe2+ = 5pB and 

C-state down to zero fields. y=Jnr,,,IJnn= (Hz -Hi )  I(HZ+Hi) =0,1, Ht ='I2 (H t+Hz) .  
We attempted to determine the change in the sample 

temperature from measurements of   and @ ( H )  in-dc The points where the experimental curve A intersects the 
and pulsed fields. The change in temperature for increasing isotherms give the field H at which the corresponding tem- 

FIG. 1 1. Hysteresis properties of siderite: area of hysteresis loop 
vs pulse amplitude (a)  and as a function of initial sample tem- 
perature (b);  1 )  H, >Hz ;  2 )  H,>H, >H,.  

0 100 260 H, , kOe 0 I0 20 JO YO c ,  
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perature was reached. Figure 12b also presents an experi- 
mental isotherm M ( H , T  = 1.5 K )  recorded for H < 180 kOe 
(curve B),  which shows the degree to which the Fe2+ mag- 
netic moment assumed in the calculations is satisfactory. 
Curve C plots the dependence1' M(HpUl,,,T = 4.2 K )  and 
gives an indication of the agreement in the results of different 
experiments using different samples. 

Figure 13 plots the sample temperature T ( H )  as a func- 
tion of the field strength. The striking similarity between the 
constant-entropy curve for Ti = 30 K and the T ( H )  curve 
for decreasing H < HI and Ha > H z  indicates that the siderite 
was in magnetic equilibrium on the back (falling) edge of 
the pulse. The final temperature at the instant the field pulse 
terminated was Tf = 29 K. In addition, the shape and width 
of the optical absorption bands give Tf ~ 2 6  K (Refs. 25, 
26). On the other hand, for H >  Hz our temperatures Tf do 
not agree so well with the results found in Refs. 25 and 26. 
Our data for H k H, give Tf z 12 K, as against 27-28 K 
there. In order to explain this large discrepancy, we must 
assume that local heating of the magnetic subsystem can oc- 
cur and take the spin-lattice relaxation time in the bulk of the 
crystal to be greater than s. These assumptions hardly 
seem reasonable for such low temperatures. The discrepancy 
could conceivably be due to ambiguities in interpreting 
changes in the shape of the complicated siderite absorption 
bands in the magnetic field. Difficulties in interpreting the 
optical spectrum may also account for the different field de- 
pendences Tf (H) found in Refs. 25 and 26. 

The above discussion leaves no doubt that irreversible 
heating, which occurs primarily during the transition from 
the mixed C to the paramagnetic PM states at H = H,, qual- 
itatively alters the behavior of the magnetization of siderite 
in a decreasing pulsed field. The most plausible explanation 
is that the heating results from the nonequilibrium nature of 
the C-state in an increasing field. Neither the second-order 
phase transition at H = H, nor the dependence H,(T)  is 
consistent with the conjecture in Ref. 26, according to which 
the evolved latent heat of transition heats the sample up to 
the critical temperature. Moreover, the estimates given there 

FIG. 12. Diagrams showing how the sample temperature 
is determined for fields H < H, on the trailing edge of the 
pulse ( a )  and for H >  H, on both edges (b) .  a )  The light 
curves show the experimental isotherms M ( H )  ., while 
the heavy curves plot M ( H )  .-deduced from the Faraday 
rotation for pulsed fields. b )  The light curves are show 
isotherms M(H) .  calculated for H > H,; curves A,  B, and 
C show the experimental dependences M ( H ) ;  A was de- 
duced from the Faraday rotation; Cis taken from Ref. 18; 
the isotherm B was recorded at T = 1.5 K for H <  180 
kOe. 

for the amount of energy that the crystal absorbs from a 
slowly time-varying pulsed field near the critical point are 
also too optimistic. On the other hand, it was conjectured in 
Ref. 2 1 that the PM+C-state transition time is long and that 
the formation of the metastable C-state is delayed even down 
to zero fields; however, this explanation is inconsistent with 
the essentially equilibrium dependence M ( H )  in decreasing 
fields and with the high final temperatures Tf. Because of 
possible large errors in measuring the absolute field 
strengths when recording M ( H )  in the various experiments, 
we have no quantitative data on the degree of nonequilibri- 
um of the magnetization process. Nevertheless, the available 
data suggest that some deviation from equilibrium occurred. 
Although the interval Hz - H, = 35 kOe found from the 
pulsed experiments is similar to the interval obtained by ex- 
trapolating H, and Hz deduced from dc measurements to 0.5 
K, the actual critical fields H , ,  H, for static fields are 
weaker. The potential magnetic energy stored up in the non- 
equilibrium C-state should be converted into heat most ef- 
fectively during formation of the PM state. An irreversible 
jump-like increase in the temperature may be expected to 
occur in fields H k Hz,, if the walls separating domains in 
the PM and metastable C-state move, or if the C-state is 
destabilized and rapidly transformed into the paramagnetic 

-'Q&q &I I 

0 100 H. H, ZOO 300 

FIG. 13. Cooling of the sample during a magnetic field pulse. The dashed 
parts of the curves correspond to nonequilibrium states. 
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FIG. 14. The fields H ; ,  H,, and H, as functions of the initial sample 
temperature T, (from pulsed-field measurements). 

state. 
For quasistatic fields the magnetization process lasts 

for several minutes, and the hysteresis in this case is of inter- 
est even though it is not pronounced under these conditions 
(see Fig. 8 ) .  For low temperatures ( T = 4.2 K ) ,  a small 
hysteresis appears in,y(H) for fields > H, , and at T = 1.5 K 
the area of the hysteresis loop is equal to 0.5 J/cm3. We 
attribute this hysteresis to various processes involving the 
magnetic viscosity. Irregular local variations in the ex- 
change parameters due to crystal imperfections and impuri- 
ties in naturally occurring siderite may also play a role. Mi- 
croscopic changes of composition in the presence of a field 
may give rise to ferromagnetic centers whose relaxation time 
becomes quite long after the field is decreased. 

6. MAGNETIC PHASE DIAGRAM 

The T(H)  curves in Fig. 4 for the cooling on the leading 
edge of the pulse can be used to find the H , T  phase diagram 
for FeCO, by using the Q ( H )  dependence recorded for 
pulsed fields and various initial sample temperatures Ti. 
Figure 14 shows the state diagram in the H,Ti plane. The 
fields HI and H, were found from the position of the kinks 
and jumps; on the I(H) traces and from Q (H) (Figs. 1,5- 
7) .  For the higher temperatures, the phase transition field 
H, was identified with the field for which the slope d @ ( H ) /  
d H  was a maximum. In constructing the diagram in the H,Ti 
plane, we found the temperature coordinates of points on the 
curve H l ( T i  ) from the intersections of the vertical lines 
H I  (Ti ) = const with the curve Tf ( H )  ,, (cf. Fig. 4a). The 
only thing we can say regarding the crystal temperature at 
the times when H = H, is that it was less than T * (less than 
0.8 T *  for Ti <25 K) ;  here T *  is the temperature below 
which the C-state can form and the transition to the PM 
state occurs via two phase transitions. This conclusion fol- 
lows from the fact that the behavior of @ ( H )  for H-H, 
( H <  H,) is quite different from the @ ( H )  dependence at 
Ti = 30 K, and from the fact that for crystals not subjected 
to strong fields at low temperatures the depolarization D of 
the light decreased only slightly as H increased to H,. In- 
deed, D remained greater than the value observed for H 
slightly larger than HI at Ti = 27 K. On the other hand, the 
temperature Ti = 27 K corresponds to Tf ( H I )  -- (3-4) 
K = (0.4-0.8)T *,whereT* = 6 + 2K. Weusedthefollow- 

ing method to determine the coordinates T * and H * of the 
point ( H  *,T * ) which is farthest from the H axis and lies on 
the curve demarcating the upper temperature bound for ex- 
istence of the C-state. We found H * = 155 kOe and T: = 3 1 
K from the dependences H, (T, ) ,H, (T, ) by extrapolating 
H, (T ,  ) up to the intersection point with H,(T, ) (see Fig. 
14). We than found T * = 6 K by extrapolating the corre- 
sponding curve Tf(H,T, = 31 K )  to H = H *  = 155 kOe 
(Fig. 4a).  The error in T * was estimated at _+ 2 K. One can 
also determine T * from the temperature at which the hyster- 
esis vanishes. Indeed, the S( T, ) curve (see Fig. 1 1 b) shows 
that the area of the hysteresis loop vanishes as T, approaches 
the same value 31 K as above. Moreover, the jump in the 
Faraday rotation at H = H, can dill be made out for tem- 
peratures as high as 27 K, which is close to the value T, = 3 1 
K. This near-equality suggests that T * should be close to (if 
not equal to) T,, the temperature at which the first-order 
phase transition vanishes in the magnetic field. In any event, 
given the error in determining T *  we may assume that 
Tc = T *. We note that in essence, the point (T,, H, ) is a 
triple critical Lifshitz p ~ i n t , , ~ . , ~  and the C-state is a rnodu- 
lated phase. 

In constructing the phase diagram curves from the 
magnetic measurements in quasistatic fields, we deduced the 
transition fields H, from the positions of the kinks in M ( H )  
and the peaks in the susceptibility x ( T )  (see Figs. 2 and 9) .  
The critical temperature was close to 4 K-this follows from 
the fact that two peaks are distinctly visible for T = 2 K 
while only one narrow peak is observed at 7.8 K, and at 
T = 4.2 K the peak is appreciably broadened and a small 
hysteresis appears in x ( T) . According to Fig. 9, the critical 
field Hc is close to 154 kOe. Figure 15 shows some curves on 
the magnetic phase diagram for FeCO,. The general form of 
the diagram is clear even though the experimental points for 
pulsed and quasistatic fields do not agree completely. 

It will be of interest to compare this state diagram with 
the one for a cubic antiferromagnet with AFM exchange 
interactions between nearest and second-nearest neighbors; 
such a diagram was constructed in Ref. 23 in the mean-field 
approximation. The similarity with the diagram for FeCO, 
is striking-in both cases there is a region of third phase 
(neither AFM nor PM) which is bounded from below by a 
line of second-order phase transitions and from above by a 
line of first-order transitions; the critical point is the one 
farthest from the H axis on the curve giving the upper tem- 
perature bound for the existence of the third phase. The dis- 
tinctive feature of the diagram in Ref. 23 is that the region in 
which the third phase exists is bounded by the AFM region 
everywhere except at the point T = 0 K, and for T <  T, and 
AFM-PM second-order phase transition also occurs. 
However, the latter transition is not pronounced and occurs 
for fields H-H,,  where H, is the critical field for the C- 
state+AFM transition (the two fields become equal as T--PO 
K ) .  

According to Ref. 23, the critical temperature Tc is giv- 
en by the ratio 
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FIG. 15. Magnetic phase diagram for FeCO, deduced from pulsed (0) 
and dc (0) magnetic field experiments. The light lines are curves of con- 
stant entropy. The insert shows the expected behavior of the curves in the 
diagram near the critical point T,. The hatched region shows the error in 
determining the positions of the curves. 

where z,, and z,,, are the numbers of nearest and next- 
nearest neighbors, and the coupings J,, , J,,, correspond to 
the Hamiltonian 

Using (2 )  to estimate J,,,/J,, for siderite, we find that 
J,,, /J,, = 0.11 for Tc = 4 K if we set z,,, = z,, . This re- 
sult is very close to the value 

given by the two-sublattice model. Here H ,,, and Hz, ,  are 
the threshold internal fields; using the pulsed measurements 
to allow for the effect of the demagnetizing field, we can take 
H ,, -HI = 147 kOe and H,,, = H,  - 6 kOe = 177 kOe. 
By comparison, we find H I , ,  = 135 kOe and H,,, = 170 
kOe if we linearly extrapolate H I  and H2 to 0, with H I  and H2 
measured experimentally for dc fields. We then find J,,, / 
J,, = 0.09 and 0.11, respectively. The exchange parameters 
are then given by 

If we substitute the values for H Hz, ,  and S, = 2, 
p = Sp,, we find that J,,Z,, / k  = - 12.8 + 0.5 K and 
J,,,z,,,/k= - 1 . 3 f O . l K .  

When T drops below Tc/znn,, new phase transition 
curves should appear in the state diagram due to the forma- 
tion of magnetic superstructures whose period changes ab- 
ruptly. Spikes on the differential susceptibility curve were 
observed in Ref. 20, where they were attributed to such su- 
perstructures. We believe that the absence of spikes in the 
quasistatic experiments at T = 1.5 K was due to the fact that 
the temperature 1.5 K was not low enough. On the other 

hand, the cooling in the pulsed experiments with Ti = 4.2 K 
produced sufficiently low temperatures, and the susceptibil- 
ity spikes may be attributed to equilibrium or metastable 
transitions between different commensurate structures. The 
decreased spike amplitude for faster-rising field pulses noted 
in Ref. 20 might indicate that the magnetic system ap- 
proached equilibrium,20 or it could reflect heating of the spin 
subsystem due to spin-lattice relaxation at a higher lattice 
temperature. If we write (Jz),, for the interaction between 
remote neighbors lying beyond the second coordination 
sphere, then when T drops further to - T, (Jz),. /(Jz),,, 
new transition curves may appear in the diagram if the anti- 
ferromagnetic interactions (for neighbors in the same 
plane) or ferromagnetic interactions (for neighbors in dif- 
ferent planes) are sufficiently strong. Similar situations have 
been analyzed theoretically for several magnetic materials 
with competing  interaction^.,^ The observed behavior of the 
Faraday rotation for H = H ; could be a consequence of 
transitions of this type. 

7. CONCLUSIONS 

Our experiments imply that the antiferromagnet 
FeCO, differs qualitatively from ordinary classical two-sub- 
lattice metamagnets such as FeCl,, which have a strong fer- 
romagnetic coupling between ions in the same sublattice to- 
gether with a weaker AFM coupling, which induces an 
antiferromagnetic ordering. The classical metamagnets un- 
dergo a sharp AFM+PM ( F M )  transition in magnetic 
fields. By contrast, FeCO, is a representative of the class of 
Ising antiferromagnets which have negative (AFM)  ex- 
change interactions between pairs of nearest-neighbor ions 
(in different sublattices) and between pairs of second-near- 
est neighbors (in the same sublattice); very little experimen- 
tal or theoretical work has been done on such materials. The 
antiferromagnets in this class are of interest because the 
AFM-PM transition in the presence of a magnetic field 
should give rise to new magnetic structures for sufficiently 
low temperatures; the period of these structures may be com- 
mensurate or incommensurate with the period of the ionic 
cell of the crystal. The structure should change in an applied 
field, or as the temperature is changed. The exchange inter- 
action between remote neighbors and the presence of other 
weak interactions should be decisive in determining the peri- 
od of the structures and their stability to thermal and quan- 
tum fluctuations. Studies of FeCO, may be useful in analyz- 
ing modulated magnetic structures and in verifying the 
predictions of the soliton theory, according to which the 
structural changes in commensurate soliton lattices are asso- 
ciated with the formation of in commensurate or metastable 
chaotic lattices. Experiments at T< 1 K using FeCO, single 
crystals grown in the laboratory should yield the most infor- 
mative results. 
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