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Novel magnetic phases in holmium 
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The new magnetic phases, involving spin-slip and hclifan structt, res. which have recently been identified in !to. are 
described. The genesis of these structures and the cone in the competing magnetic interactions, and their possible 
significance fi~r other rare-earth systems, are discussed. 

I. Introduction 

Through their classic neutron-diffraction studies of 
Ho, Koehler and his colleagues cstablishcd thc csscn- 
tial features of the magnetic structure as a function of 
tcmpcrature [1] and magnctic ficld applicd in thc basal 
planc [2]. Their  work solvcd many problcms but also 
left behind a number  of qucstions about, for cxampic, 
the competition between the exchange and the strong 
hexagonal anisotropy in the helical structure, the sta- 
bility of the cone structure at low temperatures,  and 
the nature of the phases observed at higher tcmpcra- 
tures in intermediate fields. 

In recent years, there has bccn a rcsurgcncc of 
intercst in the magnetic phascs of Ho, and a numbcr of 
thcsc questions have been answered through ncw in- 
sights into thc roic of the diffcrcnt magnetic intcrac- 
tions, and the discovcry t;f two ncw classcs of magnctic 
structurcs, thc spin-slip phascs and the hclifans. In this 
papcr, wc shall briefly review thc salicnt features of 
thcsc novcl structures, indicating thcir significance for 
the Iuturc dcvclopmcnt in our undcrstanding of rare- 
earth magnetism. 

2. Zero-field structures 

The interplay of the various magnetic interactions 
that are of importance in the rarc earths is comprchcn- 
sivcly demonstrated in the structurcs of Ho [3]. Thc 
strong peak in the two-ion coupling y ( q ) ,  at a wavc- 
vector Q that varies with temperaturc, stabilizcs pcri- 
odic magnetic structures ovcr the whole range from the 
Ndel temperature to absolute zero. T h c  positivc value 
of thc axial-anisotropy cocfficicnt B~_ ~ givcs rise to a 
helix at thc highcr temperatures, but B~, ~ is ncgativc 
and thc rapid increase of thc thcrmai cxpcctation valuc 
(O~, ~) comparcd to (O0) ,  as thc tcmpcraturc is re- 
duced, causes the moments to '.ilt towards the c-axis 
bclow about 20 K. If the only twt.-:, n coupling wcrc 
the isotropic exchange, this would give rise to a contin- 
uous transition to a tilted helix, which reduces the 
cxchangc energy more effectivcly than the cone [4]. 
However, the dipolar-interaction energy associated with 
a longitudinal wavc is high comparcd to thc fcrromag- 

nctic orientation of the c-axis moments. The dipolar 
contribution is so large that it shifts the position of the 
maximum in .~.,.(q) from q = Q to q = 0 [5] and thc 
vanishing of the total axial anisotropy leads to a sec- 
ond-order transition at T c to the cone phase. Wc 
therefore have tin unusually complete understanding of 
the origins and nature of this particular transition: it is 
the temperature dependence of n " /  • ,~,\O~, ~) that drivcs 
the helix into instability, but the dipolar interaction 
chooses thc cone, rather than the tilted helix, as the 
s!ablc low-temperature phase. This continuous transi- 
tion is accompanied by a soft mode [5]. Thc dipolar 
interaction, which varics cxtrcmciy rapidly ncar q = 0, 
reduces the cncrgy of a spin-wave mode at the origin 
below that at Q, and it is the former that goes soft at 
"F{.. 

The hcxagonal anisotropy in Ho is the largest in the 
rare earths and distorts the helix drastically when the 
temperature is reduced, as revealed by the appearance 
of highcr harmonics in ncutron diffraction [!]. The 
helical component in the cone structure is commensu- 
rable with the lattice, with an average turn angle of 
31) °, but the moments arc strongly bunched around the 
easy b-axes, as shown in fig. l(a). A1 4 K, the constant 
angle ¢h in the plane between any moment and the 
nearest b-axis is only 5.8 °, compared with the value of 
15 ° which corresponds to a uniform helix. As the 
temperature is increascd the expectation value, ,( ~' O, }, 
decreases rapidly with the relative magnetization o-, 
roughly as o -21, and ¢b increases correspondingly. Si- 
multaneously Q tends to increase, reflecting a change 
in the position of the maximum in o/(q). As shown by 
Gibbs el al. [6], however, Q does not increase uni- 
formly with temperature, but rather a scric.: of com- 
mensurable wave-vectors is travcr.,,ed with apparently 
discontinuous jumps between them. By 25 K. the heli- 
cal structure has thus reduced il,~ periodicity to i l 
layers by introducing a regularly-spaced series of spin 
slips [6], at which one plane of a bunc',,cd doublet is 
omitted while the remaining member orients its mo- 
ments along the adjacent easy axis. This configuration, 
illustrated in fig. l(b), in which one spin slip is intro- 
duced for each repeat distance of the perfect commen- 
surable structure, is the primordial spin-slip structure. 
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Fig. I. Self-consistent mean-field calculations of periodic 
,,,tructures in Ito. Each circle represents the magnitude and 
direction of the ordered moment in a specific plane, relative 
Io the size of the moment at absoh, te zero (l{}p,u}, indicated 
by the length of the horizontal lines. The orientation of 
moments in adjacent phmes is depicted by the positions of the 
ncigttbot, ring circles. (a) The 12-layer zero-spin-slip structure 
at 4 K. The open circle in the ceqtre indicates the ferromag- 
netic component in the cone structure. {b) The I I-layer one- 
spin-slip structure at 25 K. The bunched pairs of moments are 
disposed unsymmetrically with respect to the easy axis in the 

vicinity of the spin slip. 

The bunching angle & is still rather small and, in 
contrast to othcr observed spin-slip structures, it pos- 
sesses a net momcn! in the basal plane, which has 
apparently been observed in magnetization measure- 
ments by Snigircv ct al. [7]. Although the angle of 2& 
betweentwo bunched phmcs is almost constant, the 
exchange intcraclion distorts the structure near l l le 
spin slips so that the nmments are not synametrically 
disposed around the easy axis. The spia-slip structures 
of Ho have bccn subjected to a careful and extensive 
ncutron-diffl'action study by Cowley and Bates [8]. 
Their result:: generally agree well with mean-field cai- 
culalions [q], both with respect to the bunching angle 
and the distortion duc to the spin shps, although a 
number of the spia-slip structures are observed to bc 
more distorted thah they arc calculated to be, indicat- 
ing that the long-range periodicity in the position of 
the spin-slip planes may bc somewhat irregular. 

At higher temperatures, the bunching decreases, 
the concept of spin slips becomes less useful, and it 
bect;nles more difficult to idcntif.v commensurable 
structures in the data. In the vicinity of 96 K, however, 
at which temperature the hexagonal anisotropy is very 
small, a cmumcnsurablc structure with an interlayer 
turn angle of 45" is stabilized by a magnetic field in 
the c-direction [10]. A similar phenomenon has been 
obsc~,cd, lint at much lower temperatures, in the cone 
phase of Er [11]. Such a structure can in principlc bc 
stabiiizcd by the hcxagonai anisotropy in second order, 
but this effect is extremely small, since the bunching is 
calculated to be only +{).i4 ° However, a two-ion 
coupling with trigonal symmetry about the c-axis [3] 
may strongly enhance the tendency towards commen- 
surability. This trigonal coupling leads to a modulated 
c-axis moment, with a wavc-vcctor which just coincides 
with that of the basal-plane moment when the turn 

angle is 4 5 °  so that the structure becomes a tilted 
helix. Such a c-axis moment allows a coupling between 
the transverse long-wavelength phonons propagating 
along the c-axis and the lowest-energy spin waves, 
which may explain the softening of c44 observed by 
Bates et al. [12] in this temperature range. The role of 
the magnetic field along the c-axis in stabilizing this 
phase in Ho is not yet clear. 

3. Magnetic-field effects 

As mcntioncd above, commcnsurablc spin-slip 
structures rapidly become less stable as the tempera- 
turc is increased, on account of the rcnormalization of 
the hexagonal anisotropy. The series of structures that 
results from the shift in the peak in .,,¢(q), and conse- 
quently of Q, with temperature can therefore be diffi- 
cult to detect. On thc other hand, if f ( q )  can be 
modificd by othcr means at low tcmpcratures, where 
(O~) is large, many well-defined and highly-bunched 
structures may be observed. This could in principle be 
accomplishcd by, for example, uniaxial pressure, but in 
practice a magnetic field in the c-direction is more 
convenient. By applying such a field in the cone phase 
at 10 K, Cowley et al. [13] wcrc able to increase Q, and 
hence observe a number of spin-slip structures. The 
mechanism t'or the alteration of Q is presumably anal- 
ogous to that which operates in the helical phasc; the 
increase in the c-axis moment decrcascs the amplitude 
of the helical component, thus affecting thc electronic 
structure and hence J ( q )  through the supcrzone en- 
ergy gaps [3]. It is noteworthy that corresponding re- 
ductions in the helical planar magnetization by either 
temperature or a field give roughly the sanle change in 
Q. 

The el'l'ec! of applying a field in the plane of a helix 
was first considered by ttcrpin and M~ricl [14], Enz 
[15] and, in most detail, by Nagamiya el al. [16]. As the 
field is increascd, the helix first distorts, giving rise to a 
moment along H, and then undergoes a first-order 
transition to a fan structure, in which the moments 
oscillate about thc 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 scc- 
ond-order transition. Hexagena! anisotropy may mod- 
ify this process by inducing a first-order transition or, if 
it is large enough, climinate the fan phase entirely. 

The magnctic structures of Ho in a planar field 
wcrc invcstigatcd with neutron diffractkm by Koehlcr 
el al. [2], who identified two intermediate phases which 
they called rims and characterized thcse by the inten- 
sity distribution of the Bragg peaks. A number of 
investigations of other properties helped to establish 
that there must be an extra phase, or phases, between 
the helix and the fan, and the nature of these phases 
was elucidated by Jensen and Mackintosh [17] through 
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mean-field calculations of the effect of a magnetic field 
on comn'iensurablc periodic structures. Above about 40 
K, wlicn tl'ic hexagonal anisotmpy has declined sub- 
stantially, stable pllascs indeed appear  between the 
Ilclix and the fan. If the helix is corlsidcrcd as blocks of 
moments with components  alternately parallel and an- 
tiparallel t o  the field, written schematically as 
( +  - + - + - ), and the fan structure is described as 
( + + + + + + ), the new structures, the helifans, corre- 
spond to intermediate patterns. For example, the hell- 
fan (3/2) ,  illustrated in fig. 2, which has a rchttivcly 
short period and is calculated to be the most stable 
structure over a rarigc of fields [17], may be depicted as 
( +  + - + + - ). It is clear that these helifan structures 
represent compromises between the demands of the 
exchange for a periodic structure, arid the field for a 
complete alignment of the moments. They arc not duc 
to the hexagonal anisotropy which, on the contrary, 

Helifan (312) 
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Pig. 2. The he!ifan ( 3 / 7 )  s!ruc!ure in ! !o at 5!! K. The 
moments lie in phines nornlal to the c-axis and their relative 
orientations are indicated by aliows. A n l a g n c t i ¢  field of I1 
kOe is applied in the basal phulc, and nloments with compo- 
neqts respectively parallel and antiparailel to the field are 
designated by filled and open arrowheads. This component of 
the moments has a periodicity which is 3/2 that of the 
corresponding helix, and the helicity of the structure changes 

regularly. 
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Fig. 3. Schernatic phase diagrairis ill,' I Io for magnetic li."ds 
applied ahmg Ihc easy b-axis and the imrd a-axis, deduced 
from mean-field calculations and a varicly of experimental 
measurements. Full lines represent first-order and dashed 

lines second-order transititms. 

tends to suppress them, and occur both when the field 
is applied along the easy and hard directions in the 
plane. The hclifan (3/2} accounts very well for the 
observed neutron-diffraction pattern, but other stable 
and mctastablc hclifans have apparcn!ly also been 
observed, or could be observed under suitable condi- 
t iof ;. For example, the calculations predict that other  
stable phases appear in the phase diagram of fig. 3 in a 
nariow intcis'al bclwccn the helix ,llld the hclilan (3,/2i, 
e.g,, the hclifan (4') (+ + - + + - + - ), and smaihiriv 
a sequence of hclifans with m ( + ) blocks followed by zl 
( - )  (m > 3) occurs in the close ncighbtmrhood of the 
fan phase. 

4 .  C o n c l u s i o n s  

The discovery, of the spin-slip and hclifim structures 
in Ho has led to a remarkable renaissance in the study 
of the magnetic structures of the heavy rare earths, 
which was previously considered to be an essentially 
closed chapter in magnetism research. A greatly im- 
proved insight has also bccn attained into the competi- 
tion and cooperation of thc various intcractions in 
determining the details of the configurations of thc 
momen t s  One of thc most notablc fcaturcs of these 
structures is thc large number  of hexagonal layers 
inwdvcd in a siilglc period, which implies that a great 
variety of new phases may await discovcD,, provided 
that crystals of sufficient purity a+ld pcrfccthm can bc 
fabricated. 

Hclifans, or analogous structures, may also occur in 
other  rare-earth systems where periodic ordering is 
observed. For example, a reccm study of the phase 
diagram of Dy by Andrianov et al. [18] shows evidence 
for an extra phase transition between the helix and the 
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fan which might well bc duc to a hclifan. As we have 
seen, the concept of blocks of spins with components  
parallel and antiparailci  to an apphcd magnetic  field 
may bc very useful when considering the effect of such 
a field on periodic structures. A different but analo- 
gous example is provided by the modulated structures 
with wave-vectors in the basal plane observed in Nd. 
These may bc described as ( + - + - + - + - ) ,  
indicating blocks of moments with a ,omponent  
parallel or antiparallel to a magnetic field applied in 
the plane. A periodic reversal of ( - )  blocks will then 
generate subharmonics of the basic Q-vector. Thus 
the sequence ( +  + + - + - + - ) generates Q/4,  and 
( + - t  + - + + + - )  gives Q/2, both of which havc 
been observed by neutron diffraction in a magnetic 
field [19]. It is tempting to suppose that some of lhc 
intermediate phases observed in Tm [19] may bc as- 
cribed to the periodic reversal of blocks of spins, al- 
though careful neu:ion-diffraction cxperiments  will bc 
required to distinct:i,:!: ~uch effects fi'orn the formation 
of domains. Interesting modifications of both spin-slip 
and hclifan structures may bc induced by alloying. A 
start has recently been made on the H o - E r  system 
[20]; this promises to be a long and fruitful project. 
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