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Helifan: A New Type of Magnetic Structure
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The magnetic phases which have earlier been observed when a magnetic field is applied in the plane of
the helical magnetic structure of Ho are identified with structures, intermediate between the helix and
the fan, which we call helifans. A number of helifan structures have been calculated by a self-consistent
mean-field method, and one of them accounts very well for the observed neutron-diffraction pattern.
Different sequences of helifans may, in principle, be produced by varying the magnetic field and temper-
ature, and modifying the exchange by alloying.

PACS numbers: 75.25.+z, 75.30.Cr

In the course of a theoretical investigation of the mag-
netic phases of Ho in a field, we have discovered a new

type of structure, intermediate between the helix and the
fan, which we call a helifan. Such intermediate struc-
tures should be a rather general feature of periodically
ordered systems which display transitions in which the
period doubles. Indeed it is apparent that helifans have
previously been observed experimentally, without being
identified as such. Although the particular system con-
sidered here is a rare-earth metal, helifan structures do
not require anisotropic interactions, but may occur in the
simple Heisenberg system in an applied field. An infinite
number of helifan structures exist, and a series of these
may be realized in practice by varying the magnetic
field. In principle, different sets may be obtained by
changing the temperature, or by modifying the ex-
change, for instance, by alloying diff'erent rare-earth
metals. Sequences of structures with different periodici-
ties, devil' s-staircase phenomena, and possibly chaotic
states may therefore be attainable by varying the experi-
mental conditions. Analogs to helifan structures may
also occur in nonmagnetic systems.

The effect of a magnetic field applied in the plane of a
helical structure was first discussed in detail by Nagami-
ya, Nagata, and Kitano, ' on the basis of a mean-field
model. As the field is increased, the helix first distorts to
produce a moment along H, and then undergoes a first-
order transition to a fan structure, in which the moments
oscillate about the field direction. A further increase in

the field reduces the opening angle of the fan which, in

the absence of magnetic anisotropy, goes continuously to
zero, establishing a ferromagnetic phase at a second-
order transition. Hexagonal anisotropy may modify this
process into a first-order transition or, if it is large
enough, eliminate the fan phase entirely. The magneti-
zation curves of Ho measured by Strandburg, Legvold,
and Spedding and by Feron behaved in accordance
with this description at low temperatures but, above
about 40 K when the fan phase was first observed, a fur-
ther phase also appeared, manifested by a plateau corre-
sponding to a moment about one-half of that attained in

the fan phase. This extra phase was clearly apparent in

the magnetoresistance measurements of Mackintosh and
Spanel, and later experiments by Akhavan and Black-
stead, in which the field was changed continuously, re-
vealed as many as five different phases at some tempera-
tures. The structures in a magnetic field were investigat-
ed with neutron diffraction by Koehler et al. , who
identified two intermediate phases which they called fans
and characterized by the intensity distribution of the
Bragg peaks. The precise nature of these extra phases
has remained a mystery, although they have generally
been associated with the very large hexagonal anisotropy
in Ho.

In order to elucidate these phenomena we have calcu-
lated the effect of a magnetic field on the magnetic struc-
tures of Ho by means of a numerical self-consistent
mean-field method. The measurements of Gibbs et al.
have demonstrated that the periodicity of the helix in Ho
tends to lock in to the lattice period, and we have there-
fore performed our calculations on such commensurable
structures, allowing for the distortions produced by the
large hexagonal anisotropy and the field. Our starting
point is the model used earlier to describe the structure
and excitations in Ho at low temperatures. The Hamil-
tonian is

The first term is the single-ion crystal-field contribution,
involving the Stevens operators Ot . The crystal-field pa-
rameters Bt were determined primarily from the mag-
netic structures and magnetization curves at low temper-
atures and remain unchanged throughout the calcula-
tion, although the effective anisotro~y decreases with in-

creasing temperature, roughly as o' '+'~t, where cr is the
relative magnetization, due to the temperature depen-
dence of (Ot ). The second term, the two-ion coupling,
comprises an isotropic Heisenberg exchange and the di-
polar interaction. The initial values for the former were
taken from an earlier analysis of the spin waves' in Ho,
and depend explicitly on the temperature. They were
adjusted slightly during the calculation, to reproduce
correctly the transition fields from the helical phase, but
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TABLE I. The arrangement of blocks of spins in the helifan
structures. The first row shows the relative number of (—)
blocks in the diff'erent structures.

Helix (4)
Helifan

(3) (-,' ) (2) Fan

+
+
+
+
+
+
+
+
+
+
+
+

remained consistent with the spin-wave data, within the
experimental error, at the three temperatures considered.

Ho crystallizes in the hcp structure and the atomic
moments in any hexagonal plane are all aligned. The
first step in the calculation is to assume a distribution
(J;) of the moments at a given temperature. The struc-
ture is assumed commensurable, with a repeat distance
which may be as high as 50-100 atomic layers for the
more complex configurations. The assumed values of
(J;) are inserted into the Hamiltonian and a new set of
moments calculated, using the mean-field method to
reduce the two-ion term to the single-ion form. This pro-
cedure is repeated until self-consistency is attained. The
free energy and the net moment in the field direction can
then readily be calculated for the self-consistent struc-
ture.

We have used such self-consistent calculations to de-
scribe the magnetic structures of Ho in zero field, " in-

cluding the spin-slip structures. The repeat distances
were determined from experimental data. For the most
elementary and stable one-spin-slip structure, with a re-
peat distance of eleven atomic layers, our results agree
within experimental error with the very detailed
neutron-diffraction study of Cowley and Bates, '2 both
with respect to the bunching of the moments about the
magnetically easy axes, and the distortion of the struc-
ture in the vicinity of the spin slip. For the other spin-
slip structures, there is again good agreement for the
mean bunching angle, but the experimental results indi-
cate that there is an extra distortion due to irregularities
in the positions of the spin-slip planes in these less stable
configurations.

In a magnetic field the hexagonal anisotropy has a de-
cisive influence on the structures at low temperatures,
ensuring that a first-order transition occurs from the
helix or cone (a helix with an additional ferromagnetic
component along the c axis) to the ferromagnet, without
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any intermediate phase. Above about 4() K, when the
hexagonal anisotropy is not so dominant, intermediate
stable phases appear between the helix and the fer-
romagnet. The nature of these phases may be appreciat-
ed by noting that the helix can be considered as blocks of
moments with components alternately parallel and anti-
parallel to the field. If we write this pattern schematical-
ly as (+ —+ —), then the fan structure may be de-
scribed as (+ + + +). The new phases, which we call
helifans, then correspond to intermediate patterns of the
type specified in Table I. We use the notation helifan
(p) to designate a structure whose fundamental period is

p times that of the helix (the single number p is not gen-
erally adequate for discriminating between different heli-
fans). The primordial helifan ( —, ) structure is depicted
in Fig. 1. It is clear that these structures represent
compromises between the demands of the exchange for a
periodic structure and the field for a complete alignment
of the moments. They are not due to the hexagonal an-
isotropy which, on the contrary, tends to suppress them,
and occur both when the field is applied along the easy
and hard directions in the plane. The energies of the
various magnetic phases were calculated as a function of
magnetic field and the results for the easy direction at 50
K are shown in Fig. 2. The wave vector Q was allowed
to vary in small, discrete steps, by changing the repeat

FIG. 1. The helifan ( & ) structure in Ho at 50 K. The mo-
ments lie in planes normal to the c axis and their relative orien-
tations are indicated by arrows. A magnetic field of 11 kOe is
applied in the basal plane and moments with components, re-
spectively, parallel and antiparallel to the field are designated
by solid and open arrowheads. This component of the mo-
ments has a periodicity which is 2 that of the corresponding
helix and the helicity of the structure changes regularly.
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FIG. 2. The magnetic free energy, for different magnetic
structures in Ho at 50 K, as a function of the magnetic field

along an easy b axis. The free energy is in each case mini-

mized with respect to the wave vector which characterizes the
structure, as illustrated for the fan phase in the inset.

distance, and the absolute minimum in the free energy
for the structure thereby determined, as illustrated in the
inset of Fig. 2. These calculations lead to the prediction
that the stable magnetic structures follow the sequence
helix helifan ( 2 ) fan ferromagnet as the field is
increased. In a narrow interval between the helix and
the helifan ( —', ), other stable phases appear, e.g. , the hel-

ifan (4') (+ + —+ + —+ —), and similarly the se-

quence of helifans with m (+) blocks followed by a (—)
(m~ 3) occurs in the close neighborhood of the fan
phase.

The various structures are associated with characteris-
tic neutron-diffraction patterns illustrated in Fig. 3. An
examination of the neutron-diffraction intensities which
Koehler et al. associate with the phase which they
designate as "fan I" reveals a striking correspondence
with the helifan ( 2 ) pattern, as shown in Table II, with

a very weak fundamental at Qu/3, where Qo is approxi-
mately the wave vector of the helix, but strong second
and third harmonics. The basic periodicities of this
structure are 2Qc/3 for the component of the moments
parallel to the field, and Qu for the perpendicular com-
ponent; the weak Qu/3 peak arises as the result of in-

terference between them. Similar but more detailed

0.0 I I
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WAVE VECTOR (2m/cj

FIG. 3. The neutron-diffraction patterns predicted for the
different periodic structures at 50 K. The scattering vector is
assumed to lie along the c axis. The structures are calculated
with a field of 11 kOe along the b axis.

neutron-diffraction results have recently been obtained
by Axe, Bohr, and Gibbs. '3 As may be seen from Fig. 3,
the changes in the basic wave vector are substantial, even
though the underlying exchange function is constant, and
they agree very well with those observed by neutron
diffraction. For the helix, fan, and helifan ( —', ) struc-

Harmonic
(n) Expt.

0.063
0.007
0.115
0.260
0.077
0.010

I(+ ng)
Calc.

0.105
0.003
0.122
0.230
0.085
0.006

TABLE II. The reduced scattering intensities of the helifan

( 2 ) structure at 50 K, when a field of 11 kOe is applied along

the b axis and the scattering vector is along the c axis. The ex-
perimental results are derived from the Fourier components of
the ordered moments given in Table I of Ref. 6 (fan I, Hllb).
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tures the experimental (theoretical) values of Q are, re-

spectively, 0.208 (0.211), 0.170 (0.168), and 0.063
(0.066), relative to the reciprocal-lattice vector b3. The
period of the fan phase increases relative to that of the
helix because of the resulting increase in the opening an-

gle of the fan. This allows a decrease in the exchange
energy which is greater than the concomitant increase of
the Zeeman energy. The change in Q in the various hel-

ifan phases is therefore to a very good approximation
proportional to their magnetization.

A detailed consideration " of the magnetization
data ' indicates that the metastable helifan (2) phase
may replace or coexist with the stable ( —', ) structure in

such measurements. The occurrence of phases which are
not thermodynamically stable may be explained by a
closer examination of the structures of Table I. The hel-
ifan (n integer) configurations may all be derived from
the helix by transforming one in n (—) blocks into (+)
blocks. Since there are only odd numbers of adjacent
(+) blocks, the helicity of the helical regions is con-
served. On the other hand, generating the helifan ( —', )
structure from the helix requires the metamorphosis of
regularly spaced (—+ —) blocks into (+ —+), and the
helicities of neighboring helical regions are reversed. We
should expect that the energy barrier for such a complex
process would be relatively high and therefore suggest
that experiments such as neutron diffraction, which are
performed at a fixed field over a long time scale, detect
the pure thermodynamically stable ( —', ) phase, while a
rapidly increasing field may induce metastable (n)
domains. The helifan (2) structure has apparently been
observed in the magnetization measurements, and other
stable or metastable helifans may be involved in the five
phases observed by Akhavan and Blockstead. In addi-
tion, the very pronounced hysteresis which they observed
is consistent with the fact that, for instance, the helifan
( —', ) phase is readily formed from the fan in decreasing
fields.

Helifans may also occur in other rare-earth systems,
for example, Dy and Er, where periodic ordering is ob-
served, and the magnetic subharmonics recently observed
in neutron-diffraction studies of Nd in an applied field'
may presumably be associated with the analog of helifan
structures for the longitudinal wave. It would clearly be
of interest to explore the boundaries of the helifan region

when the exchange is altered by temperature or alloying,
and to examine the metastable helifan structures by neu-

tron diffraction in a changing magnetic field. We are at
present embarking on such a study in the Ho-Er system.

The stability of the helifan structures is determined by
the form of the two-ion coupling, especially the long-
range component. If the exchange is sufficiently short
range, the helix, helifans, and fan are almost degenerate
at the critical field; it is the interaction between the
blocks which differentiates between these structures.
Our calculations have been based on a realistic model of
a particular physical system. The general properties of
helifan structures, including their relative stability under
different conditions, could, however, be elucidated by
studying simple models, such as the 5 —,

' Heisenberg
system with long-range exchange in a magnetic field.

We are grateful to J. Bohr and K. A. McEwen for il-

luminating discussions of their unpublished results.
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