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Successive Ising phase transitions in a random antiferromagnet with competing anisotropies
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We report the results of an elastic neutron scattering study of successive Ising phase transitions in
the magnetic alloy Fe04Cop6C12'2H2Q. Here the Fe + and Co + ions have orthogonal preferred
spin directions so that this provides an example of a random magnet with competing anisotropies.
The higher ( TH ——11.8 K) and the lower ( Tq ——6.15 K) transition temperatures are equally sharp;
furthermore, they both exhibit conventional critical scattering. These features are in contrast with
those in all other competing anisotropy systems studied to date where the lower transitions are al-
ways broad and ill defined. Possible origins for the differing behavior in Feo 4Coo 6C12.2H20 are dis-
cussed.

I. INTRODUCTION

Random magnetic systems continue to occupy the at-
tentions of experimentalists and theorists alike. ' One
system which has received particular attention is a
quenched magnetic binary alloy in which the constituent
magnetic ions have orthogonal preferred spin direc-
tions. " In the idealized case that the Hamiltonian con-
tains only diagonal interaction terms, it is expected that
the ordering of the two orthogonal spin components
should occur independently. ' Thus the magnetic phase
diagram in the concentration-temperature plane should
consist of two second-order lines crossing each other
smoothly at a point designated as a "decoupled tetracriti-
cal point. " For concentrations in the neighborhood of
the tetracritical concentration there should then be succes-
sive second-order magnetic transitions with decreasing
temperature in which one and then the other spin com-
ponent achieves long-range order.

Phase diagrams having these general characteristics
have now been observed in a number of binary alloys. '

. However, in only a few of these have the experiments been
sufficiently precise that they allow a test of the above pre-
dictions for the idealized model. In each of
Fe Coi C12, Co~ Fe„TiO3, and K2Co„Fe& F4,"
with the first having been most intensively investigated, it
is found that the model Hamiltonian results do not hold.
First, the phase transition lines do not appear to cross
each other smoothly. Instead, especially in Fe Co~ „C12,
there is a discontinuity in the slopes at the tetracritical
point. Second, and more importantly, the lower transi-
tions always appear to be appreciably rounded, in explicit
disagreement with the predictions of a sharp second-order
transition. ' It is also found that for the species ordering
at the lower temperature (labeled TL ) the associated spin
correlations are anomalously long ranged between TI and
the higher transition temperature T~. Mong et al. have

proposed that the rounding and the discontinuity in slope
of the phase boundaries may be understood by considering
the off-diagonal coupling terms omitted in the idealized
theory. Such off-diagonal terms may arise from a variety
of mechanisms, including anisotropic exchange, dipolar
interactions, and magnetostriction effects. ' Macroscopi-
cally, such off-diagonal interactions will average to zero
by symmetry, but locally below TH they give rise to a site
random magnetic field. ' It is now known that both
discrete and continuous symmetry phase transitions are
destroyed in three and fewer dimensions, provided that
temperature is lowered in the presence of the random
field.

The one system which appears to exhibit behavior close
to that expected for the idealized model is
Fe~ Co C12.2H2O. ' In this material the Fe + and
Co + spins have orthogonal preferred spin directions;
both having Ising symmetry so that this alloy provides an
example of Ising-Ising tetracritical behavior. This con-
trasts with the compounds discussed above, all of which
are Ising-XY type. The principal evidence for the sharp-
ness of the lower-temperature transitions in
Fe~ „Co C12 2H20 is a sharp feature observed at TL in
both specific-heat and susceptibility measurements. In
order to explore the ordering more thoroughly and to fa-
cilitate comparison with the other materials, especially
Fe Co~ C12, we have carried out a quasielastic neutron
scattering study of one representative alloy,
Feo 4Coo 6C12 2H20. As we shall discuss, the behavior is
indeed closer to that predicted by the idealized model,
suggesting that random-field effects are much less impor-
tant in this system. Possible reasons for this will be dis-
cussed later.

The format of this paper is as follows. In Sec. II we
present the relevant background information and details.
The experimental results are given in Sec. III. A discus-
sion and conclusions are given in Sec. IV.
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II. PRELIMINARY DETAILS

The phase diagram of Fe~ „Co„clq.2HzO determined
previously by Katsumata et al. is shown in Fig. 1. Both
FeClq 2HqO and CoClz. 2H20 have the same monoclinic
structure with the lattice parameters given in Table I; we
also include the lattice parameters of the alloy studied
here. The magnetic properties of FeC12 2H20 and
CoC12.2H20 have been studied extensively' ' and are
now well known. Both exhibit antiferromagnetism at low
temperatures with identical ordered-state spin structures
except for the spin directions. In CoC12 2H20, the spins
point along the b axis orthogonal to the a-c plane. In
FeC12.2H20 the spins are oriented along an axis which
lies in the a-c plane and makes an angle of 32' with the c
axis. ' ' Thus the mixed crystal Fe~ Co C12.2H20 pro-
vides an example of a site random magnet with competing
orthogonal Ising anisotropies. In the phase diagram, Fig.
1, the lines L& and L4 indicate the ordering of the spin
components in the a-c plane, while the lines L2 and L3
represent the ordering of the spin component along the b
axis, which is the easy axis of CoC12.2H20. Mossbauer
measurements show that the Fe + spin has components
along both directions in the mixed phase; presumably the
same behavior holds for the Co + spin as well. It is evi-
dent that to within the uncertainties, the phase boundaries
cross smoothly, as predicted by Fishman and Aharony. ' '

The explicit sample studied here was a single-crystal
parallelepiped with dimensions 7&7)&30 mm . The Fe
concentration in the mother solution was 44 at. %%uo ', howev-
er, from the phase-transition temperatures determined in
this study, we conclude that the actual concentration was
closer to 40 at. %. We therefore label the compound
Fep4Cop6C12. 2H20. The material was in the form of a
large single crystal with negligible mosaic spread, al-
though there was a small (-2 vol%%uo) twin separated in
angle by -2.5; the twin had no effect on any of the mea-
surements reported here. From the magnetic Brag g

TABLE I. Room-temperature lattice parameters.

a (A) b (A) c (A)

FeC12 2H20
Feo 4Coo 6C12 2H20
CoC12 2H20

7.355
7.289
7.256

8.548
8.551
8.575

3.637
3.591
3.554

98.2
97.8
97.5

scattering measurements near TH, to be discussed in Sec.
III, we estimate that the sample had a spread in concen-
tration of Ax =0.007 half-width at half maximum
(HWHM).

The neutron scattering experiments were carried out us-
ing a triple-axis spectrometer at the Brookhaven High
Flux Beam Reactor. The spectrometer was operated with
an incident neutron energy of 14.4 or 30.5 meV obtained
from the (002) reflection of a pyrolytic-graphite mono-
chromator. Typically, we employed 20' collimators
throughout the instrument. Limited high-resolution mea-
surements designed to eliminate double Bragg scattering
were also carried out using 4-meV neutrons and 10' colli-
mators. The sample was mounted in a helium cryostat
with the c axis vertical.

III. EXPERIMENTAL RESULTS

The experimental results may be described quite briefly.
Our first measurements characterized the behavior of the
magnetic Bragg scattering; the spectrometer was operated
in a triple-axis mode with an incoming energy of 30.5
meV and the collimator configuration 20'-mono-
chromator-20-'-sample-20'-analyzer-40 -detector. The
measured peak intensities as a function of temperature at
(100) and (0 10) are shown in Figs. 2 and 3, respectively.
The intensities are proportional to
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FIG. I. Concentration versus transition-temperature phase
diagram of Fe~ Co„C12 2H20 obtained from measurements of
specific heat (0 ) and susceptibility (~). Figure from Ref. 6.
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FIG. 2. Intensity of the ( I 0 0) magnetic reflection in

Feo 44Coo 56C12.2H2O plotted as a function of temperature. Also
shown is the temperature dependence of the critical scattering at
(0.9400); the respective spectrometer configurations are indi-
cated in the figure.
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FIG. 3. Temperature dependences of the intensity of the
(010) reflection and of the critical scattering at (0.0210) for
Fep 44Cop 56Cl2. 2H20; the respective spectrometer configurations
are indicated in the figure. 2.0—

where a is the preferred direction of FeC12.2H2O. In or-
der to measure the associated peak in the critical scatter-
ing we switched to a double-axis configuration and
lowered the neutron energy to 14.4 meV. The intensity
was then measured as a function of temperature at a point
slightly offset from the Bragg position. These results are
also shown in Figs. 2 and 3. Higher-statistics measure-
ments of the critical scattering in the immediate vicinity
of the upper and lower transitions are shown in Fig. 4.
These measurements were also carried out with a two-axis
spectrometer with 20' collimators and a neutron energy of
14 meV.

It is evident that the crystal Feo qCoo 6Cl2 2HzO exhib-
its magnetic phase transitions of comparable sharpness at
TH ——11.8+0.2 K and at TI ——6.15+0.1 K. On the inten-
sity scale relevant to Fig. 3, there are no observable effects
near 11.8 K at the (010)M position, whereas there is a
sharp peak in both the critical scattering and the onset of
magnetic Bragg scattering at (100)M. From Eq. (1) this
necessitates that only the b-axis component of the spins
order at 11.8 K. The component in the a-c plane exhibits
an independent transition at 6.15 K. It should be noted
that we cannot determine the explicit spin direction of the
component ordering at 6.15 K from these measurements
alone, except to say that it lies in the a-c plane and that it
must make an appreciable angle with the a* direction;
presumably it lies at least close to the preferred direc-
tion' ' in FeC12-2H20.

In order to further test the decoupling of the spin com-
ponents, we carried out some very-high-resolution mea-

6 7
T E MP ERAT URE (K)

FIG. 4. High-statistics measurements of the peaks in the crit-
ical scattering at the indicated positions. The solid lines are
guides to the eye.

surements of the Bragg scattering at (01 0)M', here we uti-
lized a triple-axis spectrometer set for elastic scattering
with 10' collimators throughout and 4-rneV neutrons.
This configuration minimizes any contaminant processes
such as double Bragg scattering. The results so obtained
are shown in Fig. 5. It is evident that any Bragg scatter-
ing appearing below T~ must be at least 10 weaker than
the Bragg scattering which appears below TI .

Comparison of Figs. 2—5 with the corresponding fig-
ures (6—12) in the paper of Wong et al. on Fe„Co& „C12
shows that the Fe~ „Co„C122H20 system differs in an
essential fashion from Fe Co~ C12. In the former, both
transitions are equally sharp and the order parameters are
totally decoupled to within the experimental errors,
wher'eas, as discussed previously, the lower-temperature
transitions are severely rounded in the latter. An impor-
tant difference also emerges when one examines the criti-
cal scattering associated with the lower-temperature tran-
sition. In Fe„Co~ „Clz it is found that the critical
scattering associated with Tl essentially has a resolution-
limited width between TL and TH. In Fig. 6 we show
transverse scans through (010) above Tl. The behavior
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with the lower transition as functions of temperature above

T~ ——6. 15 K. The origins of the curves are displaced successive-

ly by 100 counts.

is entirely conventional. The inverse correlation length ~
is -0.2 reciprocal lattice units at 8 K and it decreases
progressively as TI is approached. Unfortunately, the
concentration gradient precluded a proper study of the
critical behavior in the immediate vicinity of Tt .
Nevertheless, it is clear that there are no unusual features
associated with the lower-temperature transition.

IV. DISCUSSION AND CONCLUSIONS

These experiments strongly support the previous deduc-
tions' that the Fe~ Co„C12.2820 system exhibits
behavior close to that predicted by Fish man and
Aharony '"' for the model Hamiltonian system. We do
not have an unambiguous explanation for the difference
between our system and the others. One obvious differ-
ence is that Fey Co Clg 2HpO is an Ising"Ising mixture,
whereas the others are, to leading order, Ising-XY sys-
tems. However, as stressed by Aharony' this should
make no important difference except in the immediate vi-

cinity of the tetracritical point where the Ising-Ising sys-
tem will be more effectively decoupled.

The most straightforward explanation is that the
ra,ndom-field effects are much weaker in our system. By
comparison with Fe Co& „C12, at least, there is an obvi-
ous origin for this difference. In Fe„Co& „C12 the Fe +

moment has an effective spin S =1 with comparable spin
and orbital contributions to the moment. ' In low-

symmetry configurations this makes allowed off-diagonal
couplings such as J S„S, which may be as large as the

more usual diagonal terms As .first discussed by Wong
et al., such off-diagonal couplings produce a site random
field below T~. In Fe~ „Co„C12.2H2O the Fe + orbital
moment is quenched' so that the Fe + moment is nearly
pure spin S=2. This, in turn, should cause the off-
diagonal interaction to be much weaker than the diagonal
terms. Nakanishi's magnetostrictive mechanism' is also
much weaker for orbital singlets.

More detailed studies of the tetracritical behavior in
Fe~ ~Co„C12.2H20 would be quite valuable. Specifically,
studies of the critical behavior in the tetracritical region
should be possible, provided that concentration-gradient
effects are minimized. These would make possible a more
detailed test of the applicability of the Fishman-Aharony
theory to this model Ising-Ising competing anisotropy
random mixture.
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