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Nickel Dibromide: A Magnetic Detective Story
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Ferro- and antiferromagnetism are the commonplace
types of long-range magnetic order in inorganic solid-
state chemistry. The first occurs in a lattice containing
localized moments, for example arising from unpaired
d or f electrons, when the interaction between neigh-
boring (n) moments, measured by the exchange con-
stant J,, is such as to couple them parallel. At low
temperatures, when thermally induced disorder cannot
disrupt the near-neighbor interactions, the free energy
of the ensemble of moments is minimized when they
are all parallel, and the magnetization of the whole
lattice is saturated. Conversely, when the interaction
between near neighbors couples them antiparallel, there
is no net moment in zero field at low temperature. In
any real lattice, though, there are not only the imme-
diate neighbors of a magnetic ion to be considered, but
next nearest (nn), next next nearest (nnn), etc. Clearly,
if the interactions between all these are ferromagnetic,
the long-range order must be ferromagnetic. What,
though, if the (n) interaction is ferromagnetic (J, pos-
itive) and the (nn) and (nnn) are antiferromagnetic (J,,
and J,,, negative)?

Fortunately this problem does not arise very often in
ionic lattices because the unpaired electrons are quite
firmly localized onto individual cations and J, domi-
nates J;, even if there are more (nn) than (n). Nev-
ertheless, occasionally the metal-ligand covalency com-
bined with a favorable lattice topology may be sufficient
to strengthen the (nn) superexchange to the point where
it begins to compete with J, in determining the long-
range order. Such a case, occurring in the simple binary
compound NiBr,, is the subject of this Account.

NiBr, has a simple layer structure isomorphous with
CdCl,, but it turns out that because of competition
between ferromagnetic J, and antiferromagnetic
and J,,,, its magnetic ordering is highly unusual. In
fact it changes from a collinear structure to an incom-
mensurate helical one with decreasing temperature and
moreover with a helix repeat length that varies with
temperature and pressure. This Account is also a de-
tective story, since the indicators for the existence of
unusual magnetic order were at first indirect. Evidence
from a variety of physical methods has to be combined
to produce a coherent picture of the ordering process.
In particular optical spectroscopy and neutron scat-
tering were employed to measure the magnetic phase
diagram and interpret the unique magnetic behavior.
Chemical substitution was also used extensively to
probe the effect of varying the electron configuration
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of the transition-metal ion and the nature of the anions
bridging between them.

Noncollinear Magnetic Structures

The simplest example of a magnetic structure whose
periodicity differs from that of the nuclear structure is
the two-sublattice antiferromagnet. A relevant example
is provided by the transition-metal dihalides exhibiting
the CdCl, or Cdl, layer structures. These were dubbed
metamagnetic by Landau'® because despite being an-
tiferromagnetic below their ordering temperatures, they
may be ferromagnetically saturated above a relatively
small critical magnetic field applied in the ab plane
(CoX,, NiX,) or parallel to the ¢ axis (FeX,). Landau
proposed a model in which moments are ferromagnet-
ically aligned within the ab plane, either parallel or
perpendicular to the ¢ axis, with weak antiferromagnetic
coupling between adjacent planes. This was subse-
quently confirmed by neutron diffraction.'®

Figure 1 displays the CdCl, structure of NiBr,, clearly
showing that exchange between neighboring ions within
each layer (J,,) occurs via a single bridging halide ion
whereas interlayer exchange (J°) occurs via two bridging
halide ions. The latter is expected to be very much
smaller in magnitude, thus explaining the observed
predominantly two-dimensional magnetism. Figure 1
also illustrates how the (n), (nn), and (nnn) pairs of
metal ions within the layers are coupled by ,, /,,,, and
Jonne

More complex antiferromagnetic structures can arise
where there is competition between magnetic interac-
tions that favor the alignment of magnetic moments in
different directions in the lattice.? Five separate types
of competiton have been identified. First, there may
be competing exchange interactions between a magnetic
species and its first and further crystallographically
equivalent nearest-neighbor shells, Second, competing
exchange interactions may occur between a magnetic
species and its nearest neighbors, if they occupy crys-
tallographically inequivalent sites. Third, there could
be competition in exchange involving different magnetic
species. Fourth, in metallic systems competing long-
range exchange interaction can take place via the con-
duction electrons, and itinerant exchange between the
conduction electrons themselves, and finally competi-
tion is set up between exchange and dipolar interac-
tions, when the former are very weak.

In low-dimensional magnetic materials, it is easier to
identify the sources of competing interactions because
such interactions are fewer in number. NiBr,,? Nil,,*
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Figure 1. (A) Elevation and (B) plane view of the crystal structure

of NiBry; (1,1), (2,2), and (3,3) are the (n), (nn), and (nnn) pairs
of cations.

and BaCoy(AsO,),° are examples of nearly two-dimen-
sional systems where the competition is of the first type
and helical magnetic phases exist. Certain members of
the series of one-dimensional hexagonal perovskites
AIBIX, (A = Cs, Rb; B = Fe, Mn; X = Br, C1)¢® have
triangular spin arrays, and the competition is essentially
of the second type. Both the third and fourth types of
competition also exist in magnetic insulators with the
spinel (ATBI,0,) and garnet (AT,BI,BIL0,,) struc-
tures; for example, MnCr,0,2 and Hog;Fe,Fe 0,,1° ex-
hibit magnetic phases with complex spiral spin struc-
tures.

Among metals, the rare earths have long been known
to show a wide variety of noncollinear magnetic phases,
caused by the fourth type of competition, while HoP,
which is believed to become ordered almost entirely by
dipolar interactions, has a spiral magnetic phase and
thus falls into the fifth category.

In most instances, a number of magnetic phase
transitions take place as the temperature or applied
magnetic field is raised. NiBr, is unique among the
metamagnetic transition-metal dihalides, and probably
among all magnetic insulators, because with decreasing
temperature it undergoes a transition (at Tic = 23 K)
from a collinear magnetic phase to a phase with a helical
modulation of the moments, and the vector describing
the helical phase increases smoothly in magnitude from
zero at Tc to a limiting value at about 4 K.
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Figure 2. Temperature variation of the ligand field absorption
spectra of NiBr, near 6000 A. The cold bands are A and B."

Optical Spectra

The story begins with a project on the temperature
dependence of exciton-magnon absorption bands in the
family of metamagnetic dihalides MX,; (M = Mn, Fe,
Co, Ni; X = Cl, Br, I).!! In the large majority of cases
J, within the layers is ferromagnetic while the much
smaller J’ between layers is antiferromagnetic. Thus
while the (n) interaction is ferromagnetic, the lattice as
a whole is antiferromagnetic. We had already demon-
strated that in purely ferromagnetic lattices, spin-for-
bidden ligand field transitions gain electric-dipole in-
tensity by combining the creation of the electronic ex-
cited state (exciton) with the annihilation of thermally
populated spin fluctuations (magnons).!? The result
of this mechanism is that the absorption intensity is
strongly temperature dependent, disappearing at low
temperature when the magnon states are no longer
populated. This contrasts with the situation in purely
antiferromagnetic compounds, where the exciton-
magnon absorption bands become more intense with
decreasing temperature.!* The question we posed to
ourselves was whether the temperature behavior of the
corresponding absorption bands in the metamagnets
would mimic that of a two-dimensional ferromagnet or
a three-dimensional antiferromagnet.

In the event, for M = Fe, Co and X = Cl, Br, I the
answer was clear: the two-dimensional ferromagnetism
dominated, and “hot™-band behavior was seen.!! In the
single case of NiBr,, however, not only was there a hot
band in the region of the %A, — A, 1Ty, ligand field
transition, but also next to it there were two much
sharper bands that decreased rapidly in intensity with
increasing temperature until at 23 K they had com-
pletely disappeared (Figure 2).!* The widths of exci-
ton-magnon combination bands depend on the energy
dispersion of both exciton and magnon since the in-
coming photon creates an exciton with a wave vector
k combined with either creation or annihilation of a
magnon with a corresponding wave vector k.13 In
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Figure 3. Temperature variation of the wavelengths of absorption
bands A and B.18

halides such absorption bands are usually about 50-100
cm™! wide, corresponding to the energy difference be-
tween the Brillouin zone center and zone edge magnons
of zJ,S, where z is the number of (n) neighbors, J, is
the exchange constant, and S is the spin. However, in
Figure 2, one can see that the “cold” bands are very
much narrower, suggesting that they arise from coupling
between the exciton and a magnetic fluctuation that
only has a very weak dispersion. The alternative ex-
planation, that the bands corresponded to absorption
by creating the exciton alone, could be ruled out by
their polarization.

Although it is difficult to polish the mica-like crystals
perpendicular to the easy cleavage plane, we measured
polarized spectra with the incident light parallel and
perpendicular to the layers. We found that they were
allowed by the electric-dipole mechanism, like the
nearby hot exciton-magnon combination, rather than
magnetic-dipole, as expected if they were pure exciton
lines. Another unusual feature is that the separation
between the cold bands changes with temperature; in
fact the most intense one remains almost fixed while
the weaker one moves toward it as the temperature rises
(Figure 3). Extrapolating, the temperature at which
they would both have the same energy turns out to be
that where their intensities both tend to zero, i.e., about
23 K.

That the two sharp cold bands signal a peculiarity in
the magnetic structure is strongly indicated by their
behavior when a magnetic field is applied.!4!¢ In fields
applied perpendicular to the layers the bands are almost
unaffected, except for a small shift to higher frequency
that only starts to become appreciable above 10 T.
(Measurements in such high fields, up to 15 T, were
made with a pulsed magnet.) Contrastingly, with the
field parallel to the layers there is a dramatic effect: the
bands remain unchanged up to a critical value of the
field H, at which they vanish sharply. H,_ is also a
function of temperature, decreasing from 2.7 T at 4 K
smoothly toward zero at 23 K (Figure 4). Figure 4
therefore defines a phase diagram in the H,T plane and
delineates the existence region of a magnetic phase that
we have labeled A,. But what is it? The method of
choice for determining magnetic structures is neutron
diffraction, so it was to this that we turned next.

Neutron Diffraction

Single-crystal neutron diffraction measurements!*!’
showed that below its Neel temperature of 52 K, NiBr,
adopts a magnetic structure in which the S = 1 (3d%)
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Figure 4. Temperature variation of the critical field at which
bands A and B (Figure 3) disappear.!*
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Figure 5. Temperature dependence of the maximum scattered
neutron intensity at (003/2) in Nigg,Feg osBr.'8

moments localized on each Ni?* lie parallel to one an-
other within the planes of the layers, with alternate
layers being antiparallel. That is, ferromagnetic layers
are weakly coupled antiferromagnetically as in the other
MX, halides. In the rhombohedral (D) space group
of the CdCl, crystal structure, (00!) nuclear Bragg re-
flections are allowed for [ = 3n. The antiferromagnetic
order between the planes perpendicular to the ¢ axis
doubles the unit cell along this axis below 52 K, and
magnetic Bragg reflections (003/2), (005/2), etc. are
observed with intensities that increase with decreasing
temperature following the spontaneous magnetization
(Figure 5). Below 23 K, however, a remarkable change
occurs, and the intensity at (003/2) suddenly drops.
Where has it gone?

With a classical single-detector diffractometer, such
as D15 at the high-flux beam reactor of the Institut
Laue-Langevin (ILL), Grenoble, France, the most con-
venient way to monitor the intensity in the neighbor-
hood of (003/2) as a function of temperature is by
setting the neutron detector to the Bragg angle 26,
corresponding to the center of the reflection, and
rocking the crystal angle v with the ¢ axis in the hor-
izontal plane. In that way we found that below 23 K
the reflection broadens and splits into two satellite
peaks that shift smoothly with decreasing temperature
as shown in Figure 6 for a crystal doped with a small
concentration of Fe?*.!® The magnetic Bragg intensity
no longer peaks at (003/2), but at (863/2), where &
reaches a limiting value of 0.027 at 4 K. This means
that within the layers the spins are no longer parallel
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Figure 6. Temperature dependence of the separation w°.,, in
crystal angle between the magnetic satellite neutron diffraction
peaks around (003/2) in NiyggFey o, Br,.18

Figure 7. Helical arrangement of spins in the basal plane of
NiBrz.

but that a new repeat distance of 6 has become es-
tablished. Careful searching for higher order reflections
(nd, nd, 3/,) revealed none, so the arrangement of the
moment vectors along (110) is sinusoidal. Another way
of putting it is that the moments in each plane per-
pendicular to (110) are all parallel, but that on passing
from each layer to the next there is a turn angle of =4,
or about 5°, thus describing a helix (Figure 7).

To make quite sure that the direction of the helix is
along (110) and that there are no other satellite peaks,
one should scan over all crystal and scattering angles
or, put in other words, search the whole region of the
reciprocal lattice around (003/2), a tedious undertaking
with a single-detector diffractometer that has to step
and count through successive small solid angles. For-
tunately, multidetectors for neutrons are now becoming
available, thus permitting simultaneous counting at
many reciprocal lattice points. For example, the D16
diffractometer at ILL has a *He detector containing 64
X 16 elements, subtending a maximum total angle of
some 10° about the sample. With this instrument one
can set the angle of the crystal and get good counting
statistics for a mesh of 1024 reciprocal lattice points in
about 5-10 min. Stepping the crystal angle and re-
peating the count, one may quickly search a large
volume of reciprocal space.’® The result is shown as
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Figure 8. Neutron scattering intensity contours of magnetic
satellites around (003/2): (a, b) NiBr,, observed and simulated;
(c, d) Nigg;Feg 0sBrs, observed and simulated.'®

a contour diagram in Figure 8a.

There are six satellite peaks forming a regular hexa-
gon because in the absence of an applied magnetic field
there are three equivalent spin orientations, along (110),
(110), and (110). Actually the three pairs of satellites
in Figure 8a do not have equal intensities, probably
because the crystal was slightly strained on mounting.
Above 23 K, the temperature of the incommensurate-
commensurate transition 7', the hexagon vanishes and
is replaced by a single peak centered at (003/2). Since
only the temperature is changed, and the mosaic spread
of the crystal and the resolution of the diffractometer
remain the same, we can safely assume that the shape
of the single (003/2) peak arising in the commensurate
phase is the same as that of each of the (663/2) satellites
in the incommensurate phase. Without making any
assumptions about how many pairs of satellites there
are, we can model the total intensity by placing pairs
of peaks around a ring of radius §, varying their number
and relative intensity to optimize the fit. The result
of this procedure (Figure 8b) is in excellent agreement
with the observed profile.

Our conclusion from neutron diffraction is therefore
that from 52 to 23 K NiBr, has a collinear easy plane
metamagnetic structure, but that at 23 K the spins
begin to cant about the (110) direction, so that the angle
between successive spins increases smoothly from zero
to a maximum of about 5°. So far as is known, such
behavior is unique among nonmetallic compounds.
Why does NiBr, do it?

The Magnetic Phase Diagram

Superimposed on the layer structure in Figure 1B are
the three types of near neighbors. In common with the
other MX, having predominantly 90° superexchange
pathways between the nearest neighbors, the J, in
NiBr; should be ferromagnetic. If J,, and J,,, are
antiferromagnetic, however, the ground state could be

(19) Day, P.; Moore, M. W.; Wilkinson, C.; Ziebeck, K. R. A. J. Magn.
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Figure 9. Calculated phase diagram for a planar hexagonal
Heisenberg antiferromagnetic.?? Phase II (not shown) is collinear
antiferromagnetic.

a canted one. Some years ago Rastelli et al.®° calculated
the phase diagram for a planar triangular lattice as a
function of j; = z;J;/2,J,, where i represents (nn) and
(nnn), with the result shown in Figure 9. Clearly, when
Jnn and joo, are both positive, the lattice is ferromag-
netic, but when either or both are negative, helical or
antiferromagnetic phases are predicted. NiBr, lies
within phase IV of Figure 9. To find the experimental
values of the J,, inelastic neutron scattering was carried
out by using long-wavelength neutrons to concentrate
on the lowest energy part of the magnon dispersion.?!
We found that J,, was zero within experimental error
but that J,,,, was indeed negative, placing NiBr, just
inside phase IV, but very close to the boundary of the
collinear phase I.

The helical magnetic structure found in NiBr, at low
temperature results from a very delicate and fortuitous
balance of the various J;. Raising the temperature
forces the system across the boundary from phase IV
to phase I. To see whether this was the result of lattice
expansion altering J,, we performed single-crystal
neutron diffraction as a function of hydrostatic pres-
sure.”? The result was suprising: § decreases with
increase of pressure, just as it does with increasing
temperature, so the temperature-induced transition is
not due to lattice expansion. The theorists’ belief at
the moment is that thermally excited spin fluctuations
change the effective values of J;.2

Chemical Substitution

Given the extreme sensitivity of the magnetic struc-
ture to J,,, and o, chemical substitution should have
some interesting effects. NiCl, is collinear (phase I,
Figure 9) at all temperatures,? and Nil, has a tem-
perature-independent helical structure,” though in
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Figure 10. Observed magnetic phase diagram of Ni,_,Fe,Br, from
neutron diffraction.!® The Roman numerals correspond to Figure
9.

neither case are j,; and j,,, known. Doping NiBr, with
CI" rapidly reduces both § and Ty until above 10%
substitution, no helical phase is seen.? Conversely, I
increases both 4 and T1c.?” Diluting the moments by
substituting 8% Zn?* for Ni?* has virtually no effect on
 and only slightly reduces Tic, but an exploration of
the magnetic satellite structure around (003/2) showed
that there was no longer any preferred direction of the
helix within the layers. Instead of a hexagon of satellite
peaks as in Figure 8, the scattering contours were fitted
best by a ring.? Equally remarkable is the effect of
Fe?*.2 In FeBr, itself the moments lie parallel to the
¢ axis, i.e., orthogonal to the Ni?** moments in NiBr,.
Up to 3% Fe?* doping, the NiBr, magnetic structure
is unaffected, both as to Tjc and the magnitude and
direction of 5. However, doping between 3 and 9% Fe?*
changes the direction of the helix from (110) to (100),
although 4 still has the same magnitude. This can be
seen from the rotation of the satellite hexagon (Figure
8c,d).’® We have thus passed from phase IV to IIIL
Above 9% Fe?* the entire magnetic structure changes
over the easy axis structure of FeBr, itself, because of
the strong axial anisotropy of Fe?* in this lattice geom-
etry. The x,T phase diagram of Ni,_,Fe,Br, is shown
in Figure 10.

Conclusion

This Account has described how a combination of
optical spectroscopy and neutron scattering, combined
with chemical substitution, has led to a better under-
standing of the unique magnetic behavior of NiBr,.
Structurally it is a very simple compound, but a delicate
balance of competing ferro- and antiferromagnetic in-
teractions produces a gamut of strange magnetic be-
havior.
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