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Theory of commensurable magnetic structures in holmium
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The tendency for the period of the helically ordered moments in holmium to lock into values which are
commensurable with the lattice is studied theoretically as a function of temperature and magnetic field. The
commensurable effects are derived in the mean-field approximation from numerical calculations of the free
energy of various commensurable structures, and the results are compared with the extensive experimental
evidence collected during the last ten years on the magnetic structures in holmium. In general the stability of
the different commensurable structures is found to be in accord with the experiments, except for the
7=>5/18 structure observed a few degrees belgwin a b-axis field. The trigonal coupling recently detected
in holmium is found to be the interaction required to explain the increased stability af=ti#5 structure
around 42 K, and of ther=1/4 structure around 96 K, when a field is applied along thexis.
[S0163-182606)03730-1

I. INTRODUCTION technique of magnetic x-ray scattering, which utilizes the
intense radiation from a synchrotron source. The narrow ex-
The basic features of the magnetically ordered structureperimental resolution obtainable with this technique made it
in hexagonal close-packed Ho were established by Koehlgrossible for Gibbet al® to detect two other commensurable
et al,! who found that the basal-plane moments are arrangestructures in holmium, withr=2/11 and 5/27, in addition to
in a helical pattern at all temperatures beldy=133 K. The  the one with7=1/6, at temperatures below 25 K. These
c-axis components order ferromagneticallyTat=20 K, re- = commensurable values were explained by the spin-slip
sulting in a conical ordering of the moments. The openingmodel®2° In the limit of very strong hexagonal anisotropy
angle of the cone was found to approach 80° in the zerothe moments would be confined to be aligned along one of
temperature limit. The ordering wave vector for the basalthe six (in the present cageb directions. The 12-layered
plane moments is directed along thexis and its magnitude structure may be constructed from pairs of neighboring lay-
7 (in units of 2zr/c) was observed to change monotonically ers, in which the moments are along the sdntérection, by
from about 0.28 afl to about 0.16%#1/6 atT-. Below allowing the moments to rotate 60° from one pair to the next.
Tc the wave vector stays constant, indicating that the magThis periodicity may then be changed by introducing regu-
netic structure is locked to the lattice periodicity and repeatdarly spaced series @in slips where at each spin slip a pair
itself after each 12 hexagonal layers. The hexagonal anisots replaced by a single layer. For example, the 22-layered
ropy is knowr to produce higher harmonics at£6l)7, and  2/11 structure may be obtained from the 12-layered structure
the fifth and seventh harmonics were clearly resolved byy introducing a spin slip after every five pairs of layers,
Koehleret al. at low temperatures. They concluded that thewhich we shall denote as th@22221) structure. The intro-
basal-plane moments in the cone phase bunch strongluction of a spin slip after every four pairs leads to the
around the easp directions, so that the angle between the(22221 structure corresponding te=5/27. In this structure
basal-plane component of one of the moments and the neaihere is a spin slip for every nine layers, and as observed by
estb axis is only about 5.8° in the zero-temperature limit. Gibbset al, this gives rise to a modulation of the lattice with
The neutron diffraction experiments have been repeated witthis period, i.e., charge scatteringat=2/9.
higher resolution and with crystals of better quality by The magnetic x-ray scattering technique provides very
Felcheret al2 and by Pechan and Stas$ikading to only  good resolution, but the intensity is weak, thus preventing
minor modifications of the results of Koehlet al. the measurement of the scattering due to the higher harmon-
Koehler and collaboratotsalso investigated the behavior ics. In contrast, neutron diffraction reflections have high in-
of the magnetic structure in holmium as a function of mag-tensities, although the resolution is relatively coarse. By the
netic field applied in the basal plane. The theoretical predicuse of a large Ho crystal, and a triple-axis neutron-scattering
tion for the magnetization process was that the helix wouldspectrometer for isolating the purely elastic scattered neu-
change into a ferromagnet either directly or via an intermetrons, Cowley and Bates were able to determine the intensi-
diate fan phas@.This was confirmed to occur at low tem- ties due to all the harmonics in a number of the spin-slip
peratures, however, above 40-50 K Koeldenl. observed structures, in which the intensities extend over 4 orders of
a second fanlike phaseA few years ago this extra interme- magnitude'! These results allowed them to derive the aver-
diate phase was explained, as being the hel#h phase’®  age turn angle between the bunched pairs to be about 10° at
where the helifan structures are constructed from portions dhe low temperatures, in accordance with the result of Koe-
the helix and the fan following each other in a periodic way.hler et al,! and this value increases to about 20° at 30 K. In
The next major advancement in the investigation of theaddition they were able to detect some variation of the turn
magnetic ordering in holmium came with the use of the newangle from pair to pair. The magnitudes of the two modifi-
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cations of the ideal spin-slip structure which were derivedmensurable phases based on a realistic model for holmium.
from the experiments were reproduced in a numerical modeThe model includes not only the terms considered by
calculation? The ultrasonic experiments made by BatesPlumer, but also the trigonal coupling which has recently
et al!® as a continuation of the experiments of Cowley andbeen detected in neutron diffraction measurements by Simp-
Bates, showed anomalies in the sound velocities not only aonet al* The trigonal coupling induces a net ferromagnetic
the temperatures where the system jumps between the thré2oment in the basal plane wherr 1/4, and a misalignment
commensurable structures described above, but also at abdftthe field by as little as 1° is sufficient for explaining the
25, 40, and 97 K. At these latter temperatuves close to observed lockin of this structure, in accordance with the con-
the commensurable values 4/21, 1/5, and 1/4, correspondirigcture made by Jensen and Mackintd5fThe basal-plane
to the spin-slip structure€2221), (221), and (211), respec- threefold anisotropy caused by the trigonal coupling in the
tively. case of a cone structure has also strong implications on the
The possibility that the magnetic structure may lock into(221) structure in ac-axis field near 42 K.
commensurable values at elevated temperatures was investi- The model used in the calculations is developed in the
gated at Chalk River by Tindall, Steinitz, and next section. The stability of the different commensurable
collaborators*~2*They monitored the position of the funda- Structures is investigated in Sec. Ill. The free energy of the
mental magnetic diffraction peak as a function of temperayariOUS structures is calculated numerically within the mean-
ture at fields app“ed a|ong the direction or a|ong theb field apprOXimation. The advantage of this method is that it
direction, and they found several plateaus in the temperaturig Possible to account for most of the complexities of the real
variation of 7. In the presence of e-axis field of 30 kOe the ~System, whereas one disadvantage is that there is a limit to
(221) and the(211) structures were found to be stable aroundthe number of different layers one may handle numerically
42 K and 96 K' respective'y' in both cases W|th|n a temperaWith the SuffiCient precision. In the present CaICUIationS we
ture interval of 2—3 K. In &-axis field of 14 or 30 kOe the Consider structures with a repeat length of up to 500 layers,
(211) structure is again stable for a couple of degrees, whicheading to a resolution which should be superior to even the
was also observed to be the case for tBa) structure, MOSt precise experiments. The work is summarized and con-
7=2/9, at about 75 K. Finally, they observedo stay close ~cluded in Sec. IV.
to the value 5/18 between 126 K and theelNeemperature,
when applying a field of 30 kOe along tlieaxis. The ob-
servations made close fBy and near 100 K have largely
been confirmed by the similar experiments of Venter and du The model is based on the magnetization and spin-wave
Plessis;>*°except that they did not observe a clear plateau agneasurements, and is similar to the one applied in previous
7=1/4 in ac-axis field around 96 K. However, they detected numerical analyses of the magnetic structures and excitations
an anomalous behavior of the scattering intensity close tgn holmium.*23~#1The Hamiltonian comprises the single-
this temperature. ion anisotropy, the Zeeman term, the Heisenberg exchange
The low temperature domain, below 40 K, has been carecoupling, the classical magnetic dipole-dipole interaction,
fully investigated by Cowleyetal?’ in a c-axis field of  and the trigonal coupling:
10-50 kOe. In spite of a rather monotonic variation, with
field or temperature, of the position of the fundamental mag-
netic satellite they found by measuring the position of the
higher harmonics that the diffraction pattern was determined
in many cases by a superposition of neutrons scattered from
domains with different commensurabtevalues. Small dif-
ferences inr, which may be difficult to resolve at the funda-
mental wave vectors, are enhanced so to be distinguishable o
when considering, e.g., the fifth or seventh harmonics. + 03 “(1)Ix]- 2.9
There have been made a number of theoretical studies of

commensurable structures in model systems. The simplegiye o™ operators are the Stevens operators, and in particular
one, the anisotropic next-nearest-neighboring I$AgNNI ) 022=(1/2)(3,052+0521)), where 02=J2—12 and
model has been investigated in detail both at zero#fefd O§2—J ] +JZJ2 Thezx z 'andz axes a2re assumed to be
and in an applied field! The XY model with sixfold anisot- alén_tﬁeya by r:r;dc axe:syé)f the HCP lattice. respectivel
ropy, which is more closely related to holmium, has recentlyThe gFourie,r t’ransforms of the couplings aré defﬁ1ed in >t/r.le
been discussed by Sasdkin the limit of large anisotropy, standard way, and we shal usep th% shorthand notation

and by Sencet al3® Steinitzet al3* have made some quali- (q) for J(q). wheng is along thec axis. The interplanar
tative considerations on the connection between the spin-sli q @ q 9 : ' P
2xchange parameter, are then defined by

model and the field-dependent commensurable effects o

served in holmium. Plumer has analyzed a model, which
includes most of the couplings present in holmium, in order
to understand the stability of the 1/4-phase observed near 96 JQ)=To+22, Jocognqa2). (2.2

K in a c-axis field*® However, the explanation he proposed n=1

relies on adding a large symmetry-breaking term to the free

energy which seems difficult to justify. Here we shall presentThe classical dipole interaction is included in the coupling

a mean-field calculation of the stability of the different com- 7(q) of the basal-plane moments, in which case the coupling

Il. THE MEAN-FIELD MODEL OF HOLMIUM

HOZEi % BF”O.’“(i)—Z gugH-Ji— Ej Ji)3- 3,

— EJ JD<ij>Jzisz+; K3Hij)H[04(i)dy;
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of thec components is7..(q) = 7(q) + 7p(q). The classical The jump, which the dipole coupling(q) makes at zero
contribution vanishes at zero wave vectafp(0)=0, Wave vector, is observable in the excitation spectrum, and it
whereas atj#0 explains  without introducing any further two-ion
anisotropy®® why the system prefers the cone structure
Jo(Q)=— J44{0.919%+0.0816co06qc/2) — 0.0006co6qC) }, rather thqn the “tllted_hehx” belngC_ _
The trigonal coupling was discovered to be present in
(23 erbium by Cowley and JenséhThis coupling reflects the
fact that thec axis is a threefold symmetry axis, and its

) contribution to the mean-field Hamiltonian for thi ion is

where the coupling constant in holmium is

AHye(i e p'th plane=<—1>pn§l [K3Ia[{O3(i)— 3 (O3())}Iy(p+n)— I, (p—n))

+{05 ()= 3 (03 2(N)HIx(p+ 1) = I (p—N)) = (=)™ Iyi— 3 (I,iyO3(p+n) — O3(p—n))

—(—1)"{Jyi— 3 (I)KO3 %(p+n)— 0z %(p—n))], 2.5

where the argumenp*n denotes an ion in the uniformly terms in the mean-field Hamiltonia(2.5. The degree of
magnetized | = n)th hexagonal layer. This equation, which compensation depends on the structure considered, and in the
defines the interplanar coupling parametfs$:],, shows analysis of the commensurable structures discussed in the
that the coupling changes sign from one sublattice to thaext section we found that the trigonal coupling derived by
next. Both in the cone phase and in the cycloidal phase oSimpsonet al. has unacceptably strong implications in some
erbium, the trigonal coupling gives rise to additional neutroncases. The alternative trigonal coupling derived here circum-
diffraction peaks when the scattering vector is along ¢he vents these difficulties, and is therefore a more likely possi-
axis. These peaks would not be there if the magnetic strugility. The modified set of interplanar coupling parameters
tures were independent of the different orientation of tthr the trigona' Coup"ng is given in Table l. The Correspond_
basal planes in the two hexagonal sublattices. The equivalemg crystal-field parameteBP are derived from the low tem-

phenomenon has also now been observed in holmium bEﬁerature magnetization curves ahg, anng is determined

Simpsoret al,* who fitted the intensities of the extra reflec- ; L8
tions by a set of three interplanar parameters for the trigona‘cf0 that th? averaged bunching ang_le_ls 2.8 in the 12-layered
structure in the low temperature limit. The values of these

coupling. X .
Vee r?ave reanalyzed the experiments of Simpsbal % parameters are given in Table I, and they are close to those
applied in the previous modé.

and derived a set of anisotropy parameters, which accoun s g ] )
both for the low temperature magnetization curves, as pre- The variation of the ordering vector with temperature in
cisely as the previous mod®,and for the neutron diffrac- HO has been analyzed by Pechan and Stdssisp found

tion results. The effects of all three trigonal couplings of thethat it agrees reasonably well with the prediction of the
fourth rank*2 and combinations of the three couplings weretheory of Elliott and Wedgwoo®’ 7(q) is proportional to
investigated, and in agreement with Simpsaral. we find ~ the susceptibility of the conduction electrons, which depends
that the trigonal coupling introduced by E@.5) (the cou-  strongly on the nesting between different parts of the Fermi
pling applied in erbiur is the one which leads to the best surface. The superzone energy gaps created due to the oscil-
fit. The small differences between the ways the neutron diflating polarization of the conduction electrons lead to a de-
fraction results are fitted are insignificant compared with thecrease of the maximum in the susceptibility and to a shift of
experimental uncertainties, but the interplanar coupling pailtS position towards smaller wave vectors, as the degree of
rameters derived here are, quite remarkab|y’ a factor of 4_|golarizati0n is increased. In addition, Andriaﬁﬂ)\has dis-
smaller than those obtained by Simpsairal. This large dif-  covered a relationr= 7o[(c/a)—c/a]"? between the/a
ference is surprising, but may be explained by the high defatio and the ordering wave vector, where/d).~1.582.

gree of compensation which occurs between the differenfhis relation is obeyed nearly universally by the rare-earth

TABLE |. The trigonal coupling parameters (1&meV). TABLE Il. The crystal-field parametergneV).

n 1 2 3 BY BY B2 BS

(K2, 0.7 0.4 0.2 0.024 0.0 —0.95x10°° 9.4x10°©
3
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TABLE lll. The inter-planar exchange parametdraeV) as  The exchange constants are given in Table Il at the end
functions of temperature. points of this interval. In between we have used the quadratic
interpolation:

TKY b Hh P T3 Ta Js Ts

0 0.300 0.09 0.006—0.0140 —0.006 —0.002 0.0 Jn(T)=(1-a?)Jn(0) + a?J,(50 K), (3.9

50  0.290 0.10 0.010—0.0290 —0.005 0.008 —0.004 _ o o
72 0.267 0.11 0.010—0.0377 —0.001 0.004 —0.003 Wherea is the temperaturé, in units of K, divided by 50.

%6 0.245 011 0.010—0.0463 0.006 0.0 0.0 . At zero field the Iqwest order spin-slip structures are par-
125 0210 011 0.010—0.0640 0.006 0.0 0.0 ticularly stable. Starting at about 40 K, we get the sequence
(221), (2221, (22221, (222221, corresponding tar=1/5,
4/21, 5/27, and 2/11, with a steady increase of the number of
metals, indicating a strong correlation betweendh@ ratio  pairs in between the spin-slip layers as the temperature is
and the nesting effects. A change of tia ratio will modify  reduced to about 20 K. One might expect this series to con-
the magnetic Hamiltonian in ways other than througl).  tinue as the system is cooled further, but the 2/11 structure is
B is especially sensitive to the/a ratio, as to a first ap- predicted to occur only in a small temperature interval of
proximation it is proportional to the difference betwee@  about 0.8 K, and the intervals, where the subsequent spin-
and its ideal value, and rather strong effects have recently|iy structures are stable, become minute. Thus the system is
been discovered in thulium, when the system jumps from theyregicted to jump from the 2/11 structure to the pure pair-
ferrimagnetic phase with7=2/7 to the ferromagnetic |ayered 1/6 structure within an interval of 0.1 K. Metastable

sr'iructure‘f5 In the mode! consideredhhere we SS.IY acclount forstates, or mixed states are expected to appear frequently in
the temperature variation f(q), whereas additional mag- the real system, which makes it difficult to decide whether

netoelastic effects on the crystal-field parameters or changqﬁis particular prediction is in accord with the experiments,

of J(q) as a function of field are neglected. The spin-wavey, ;. temperature interval, in which the indicatitrs of
dispersion relation of Ho has been measured both at lo '

temperature$464’and at elevated temperatuf@snd these the intermediate structures are found is narrow with a width

measurements have been used to derive the interplanar e?(f- about 1K N
change parametef3 In order to reproduce the correct In addition to the lowest order spin-flip structures, struc-

. : ith mixed sequences are also found to be stable. With
wave vectors at the different temperatures small adjustmenf%'reS with v ~ .
have been introduced, and for this purpose we have chosél’® exception, th€22212222] structure ¢=3/16), which

Js as the variation parameter. The interplanar exchange pésf Stable_ove_r a small interval of about 0.3 K, all the higher
rameters used in the model are given in Table Ill. order spin-slip structures occur between @21 and the

The structures discussed in the next section have beéizzj) structures, of which the most important one is the

calculated by a straightforward iteration procedure using th 21222) structure'(rz 7/36). When approaching=1/5 .
parameters given in Tables I-Ill and Eq8.3) and (2.4). rom below, the main sequence of commensurable ordering

The calculations utilize the mean-field approximation, inv_ectors is .determine.d byn(l)zn/(5n+1) which is the se-
which J,,3,,; in Eq. (2.1) is replaced by (2,,—(J,))(J,;)  NeS of rational fractions close to 1/5 with the smallest de-
aivaj . . ai ai aj

and the trigonal term by Ed2.5). The first step in the itera- nominators or shortest commensurable periods. Commensu-

tion is to assume a distribution of expectation values of théable structures with wave vectors lying in between those

various operators. These values are then inserted in ti.%eterm!ne_d byra(1) may also be stable. In order to investi-
mean-field Hamiltonian for thgth ion, and after a diagonal- gate this in a systematic way we have used the proposal of

ization of this Hamiltonian the partition function, the free Selke and Duxbury that the structure most likely to appear
between two phases has a period which is the sum of the

energy, and new expectation values for this ion are calcu="" . .
9y P eriods of the structures in the two pha3&® suggesting

lated. The calculation is carried out for each ion in one comP ) i .
mensurable period, and the procedure is repeated with thtgat the most probable intermediate values in the present case

new distribution of expectation values until a self-consistenf"® those ~ determined by the secon_d—_o_r der series
solution is achieved. At a given temperature and field the/n(2)=(2n+1)/(1n+7). For a further subdivision of the
free energies of structures with differe@ommensurable  StePS made byr we have applied the third-order series
periods are compared in order to identify the most stablgn(3)=(3n+1)/(15+8). In the interval between=4/21
structure. The energy differences between the various stru@nd 7=7/36 the most stable configuration is found to be the
tures may be minute, and the calculations have to be dongs(2)=11/57 or (2212221222] structure, whereas other
with high numerical accuracy. In order to ensure in a giverchoices from ther,(1) or ther,(2) series are only found to
case that the iteration has converged towards the state wiftf Stable in narrow temperature intervals. Fdarger than

the lowest free energy and not to a metastable configuratior{/36, the situation is changed. Structures defined by the se-
many iterations are required, of the order of several thou!i®S 7a(1) as well asr,(2) are stable in about equal inter-

sands, and many starting configurations have to be consigf@ls, and fom=9, structures determined by,(3) also ap-
ered. pear. At these temperatures the intervals are so small that it is

difficult by the numerical calculations to distinguish the be-
IIl. THE COMMENSURABLE STRUCTURES havior from a truly continuous, incommensurable, variation
of 7. The magnetic correlation length in thealirection of Ho
has been determined by x-ray scatte?thip be of the order
Most of the commensurable structures are observed in thef 2000 layers, indicating that if the shortest commensurable
low temperature regime ranging from zero to about 50 K.period becomes of the order of 200 layers, it is no longer

A. Low temperature regime
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0.16 —_— FIG. 2. The ordering wave vector in Ho as a function of a
0 10 20 30 40 50

c-axis field at 10 K. The solid line is the theoretical result, and the
triangles pointing up or down are the experimental results of Cow-
. , . ley et al. (Ref. 27) obtained at increasing or decreasing field values,

FIG. 1. The ordering wave vector in Ho as a function of tem'.respectively. The systematic difference between the two sets of re-
perature pelo_w S0 K. T he calculated result_s are s_hown _by th? horléults indicates that hysteresis effects are important. The experimen-
zqntal solid I_|nes, which are_connected 'Wlth vertical thin solid Of o1 results are derived from the position of the principal magnetic
thin dashed lines corresponding, respectively,

to the results obtaineb% . . T . )
- ) . tellite, and thus include implicitly an averaging of the orderin
at zero or at a field of 10 kOe applied along thaxis. The symbols wave vector over the diﬁerentpdomyains ging 9

show the experimental results of Cowleyal. (Ref. 27 at various
values of thec-axis field as defined in the figure. The thick dashed
line, between 35 and 48 K, indicates the variationraferived by ~ happens between 25 and 35 kOe. Finally, the most important
Tindall et al. (Ref. 22 from the position of the primary magnetic change is, that the stability of the=1/5 phase is much
diffraction peak in ac-axis magnetic field of 30 kOe. The smooth increased by the field.
curve shown by the thin solid line is the temperature dependent The first of these effects is explained by the condition that
position of the maximum in7(q), as determined by E¢3.1). the moments in the spin-slip layers have a largexis sus-
ceptibility than the moments in the pair layers, i.e., the more
possible experimentally to distinguish commensurable orderspin-slip layers a structure contains the more Zeeman energy
ing, repeating itself coherently about ten times, from an in4t gains in ac-axis field. The experimental results of Cowley
commensurable phase. The nonzero resolution characterizireg al.?’ obtained at a-axis field of 10-50 kOe, which are
the numerical calculations is a limitation, when comparingincluded in Fig. 1, reflect this effect. Figure 2 shows a more
the results with more exact analytic results, but not in a comdirect comparison of the experiments of Cowlelyal. with
parison with a real system, which suffers from impurities,the calculated field dependence of the ordering wave vector
stacking faults, and other imperfections. Hence we expecat 10 K. The experimental results shown in Fig. 2 are derived
that experimentallyr will change continuously, at least when from the position of the primary magnetic satellite near
it is larger than about 0.197 until it, at a first-order transition,(002), which leads to a more gradual change of the wave
jumps to the commensurable valae 1/5. The model calcu- vector than if the contributions from different domains with
lations predict a lockin at this wave vector between 41.47 Kdifferent stable or metastable structures are separated, as
and 43.70 K, and that returns to incommensurable values shown in Fig. 1. The comparison in Fig. 2 demonstrates that
above 43.70 K. The calculated results for the variatiomaf  the calculated shift of the ordering wave vector at a given
zero field, in the low temperature regime, are shown in Figtemperature(i.e., at fixed values of the coupling constants
1. due to thec-axis field is of the same magnitude as observed
The stability of the different commensurable structuresexperimentally. The calculated results at zero temperature
are influenced by a field along theaxis. The calculations are similar to the results in Fig. 2 at 10 K, except that the
indicate that the main features of the phase diagram are tha&lues of the transition fields are shifted upwards by about 5
same as at zero field, but there are a few significant changelsOe. The strong field dependenceoshould be taken into
There is an overall shift of the stable regimes of the com-consideration in the comparison between the experiments
mensurable structures towards lower temperatures, the moead the theoretical results in Fig. 1. In this comparison it may
pronounced the lower the temperature is. The 2/11 phase ardiso be important that the 2/11 structure, in contrast to most
the spin-slip structures lying in between this phase and thef the other spin-slip structures, has a moment in the basal
1/6 phase become more stable, until the field is so large thalane, and that the 3/16 structure, in between the 5/27 and
the overall temperature shift removes these phases, whidhe 4/21 structures, is much more susceptible to a basal-plane

Temperature (K)
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FIG. 3. The hodograph of the basal-plane moments of the 10-
layered(221) structure calculated at 42.185 K in zero field and in L
the presence of a field of 10 kOe along thaxis. The two hodo-
o : indi -18.3174 L L L 1 L 1 L 1 L 1 L
graphs are rotated about 30° relatively to each other as indicated by 8 19¢ 0.196 D198 0200 0202 0204 0208

the arrow. Ordering wave vector (2n/c)

field than the two neighboring structures. This means that a FIG. 4. The free energy of the commensurable structures at
small misalignment of the-axis field would favor princi- 42.185 K as a function of the ordering wave vector calculated at
pally these two structures. zero field and at a field of 10 kOe applied along thexis. The
At not too high temperatures, the hexagonal anisotropyenergy scales used in the two cases are displaced with respect to
energy decreases with the relative magnetizatiorpropor- each other as indicated on the figure. The plus signs denote the free
tional to approximatelyr?!, whereas the trigonal anisotropy €nergy of the structures calculated with commensurable periods be-
changes likar”. The hexagonal anisotropy dominates at thetWeen about 100 and 500 hexagonal layers.
lowest temperatures, and is responsible for the commensu-
rable spin-slip structures, but as the temperature is increas@®st much in hexagonal anisotropy energy, whereas the gain
the trigonal anisotropy becomes relatively more importantin trigonal anisotropy energy is substantial.
At 40 K 0=0.925, implying that the hexagonal anisotropy  Both structures in Fig. 3 look like spin-slip structures,
energy has decreased by a factor of 5 compared with itéxcept that the roles of tha and theb axes have been
value in the zero-temperature limit, whereas the trigonal aninterchanged in the two cases. However, at these tempera-
isotropy is only reduced by a factor of 1.7. Within perturba-tures the basal-plane anisotropy energy is reduced so much
tion theory the contribution of the trigonal interaction, Eq. that the spin-slip model is no longer particularly useful, since
(2.5), to the free energy is of second order in the helicalthe angle between the moments in the pair layers is not much
phase, whereas a first-order contribution appears if thémaller than the smallest angle between moments belonging
c-axis moments are nonzero. To a first approximation thigo neighboring pairs. The commensurable structures with
contribution is proportional to slightly different from 1/5 are not spin-slip structures. In-
stead they consist of portions of the 1/5 structure separated
by domain walls in which phase shifts are introduced via a
AFO(E (_1)DJ”JECO33¢p), (3.2 relatively smooth adjustment of the turn angles. If the width
p of the walls is much smaller than the distance between them,
then the coupling between the walls is negligible and the free
whereJ; andJ, are the components of the moments parallelenergy changes linearly with the density of walls, corre-
and perpendicular to the axis, respectively, and, is the  sponding to a linear variation of the free energy withA
angle the perpendicular component of the moments in thdetailed discussion of the behavior of systems with domain
pth layer makes with the or a axis. When only the trigonal walls is given by Fisher and SzpilRa.Figure 4 shows the
coupling is considered, then every secandxis is an easy free energy calculated in the two cases, for various commen-
axis in one of the sublattices and the other thmeaxes are surable values of in the proximity of 7=1/5. In the case of
the easy axes in the other sublattice. Figure 3 shows thd.=10 kOe, the free energy varies linearly between 0.198
hodographs of the basal-plane moments calculated at 42.18Hd 0.2 and between 0.2 to 0.202, whereas the variation is
K in zero field and in the presence of a field of 10 kOe alongparabolic at zero field, except that the free energy-at/5
the c-axis. The figure indicates that the threefold anisotropyis slightly smaller than the minimum value of the parabola.
term induced by thec-axis field, Eq.(3.2), is capable of Leaving out the result atr=1/5, the free energies of the
rotating the moments about 30°, so that the moments in theero-field commensurable structures are fitted by a third de-
two spin-slip layers, which at zero field are alond axis  gree polynomial with a standard deviation of about 10
become oriented along anaxis. The hexagonal anisotropy meV, which is the curve shown in the figuféne numerical
energy does not depend on the distinction between the twaccuracy by which the free energy is calculated is %0
sublattices and is changed by the same amount as obtaind@ ° meV). This smooth change of the free energy is con-
by rotating the zero-field hodograph the relatively smallsistent with the estimated incommensurable variation off
angle in the opposite direction. The small rotation does noboth sides of the temperature interval where thel/5 struc-
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¢ FIG. 6. The calculated lockin temperature intervall, of the
FIG. 5. The turn angles of the moments in different hexagonall/5 phase as a function of tleaxis field.
layers numbered along tteeaxis, calculated at zero field and in the
presence of a-axis field of 10 kOe at the same temperature, 42.1852€r0 field the transition regime is so narrow that the transi-
K, as considered in Figs. 3 and 4. The domain walls indicated byion is indistinguishable from a first-order one, within the
the arrows lead to negative phase shifts of the regular 1/5-structurgresent numerical resolution.
parts on each side of the walls, which are 12° at zero field and The lockin of the structure at=1/5 is strongly enhanced
24° in the case oH.=10 kOe. by thec-axis field. As shown in Fig. 6, the interval in which
the 1/5 structure is calculated to be stable increases rapidly,
\from about 2.2 K to about 10 K, between zero and a field of
10 kOe along the axis. This strong increase is also percep-

close to 1/5, whetir— 1/5 is smaller than about 0.0007. tible on either side of the 1/5 phase. Here commensurable

. ; ?ffects are resolved even very close to the transition regions
The difference between the behavior of the free energy it 10 kOe, in contrast to the incommensurable behavior in-
zero and aH. =10 kOe is related to the different widths of ’

he d . ls. Fi 5 sh h les in th dicated by the calculations at zero field. The large field-
the domain walls. Figure 5 shows the turn angies in the tWQnquced enhancement of the commensurable effects is pro-
cases calculated at 42.815 K. In both casess slightly

_ duced solely by the trigonal coupling. We have repeated the
smaller than 1/5 corresponding to an average turn anglgy|cylations using the previous modlewhich neglects the

slightly smaller than 36°. The width of the domain walls, trigonal coupling. In this case the zero-field structure is
denoted by the arrows, is about 100 layers in zero field an¢bund to be stable within an interval of 2.8 K, and this inter-
about 70 layers aH. =10 kOe. However, the phase shift val is reduced in &-axis field, by a factor of 2 at a field of
accomplished by one domain wall is different in the two 30 kOe. The effective hexagonal anisotropy decreases faster
cases: 12° in the zero-field case and 24°, a factor 2 larger, ithan the free-energy differences between the different struc-
the case oH.=10 kOe. These numbers imply that the do- tures when the basal-plane moments are reduced by the field.
main walls at zero field start to overlap with each other when Tindall et al?? have observed a plateau in the variation of
1/5— 7 is larger than 0.0007, whereas whidp=10 kOe the 7 at 1/5 over a temperature range of 2—-3 K wheg=30
overlap starts to occur only when 5 is nearly a factor of kOe, see Fig. 1, which disappears at zero field. It is probably
3 larger. These same numbers also describe the situation &y difficult to obtain experimental results on commensu-
7 values larger than 1/5. rable effects which can be trusted quantitatively in a com-

At decreasing temperatures the slope of the linear sectioHariSQ” with the results derived from a mathematical model
in the free energy decreases, numerically, famaller than of an ideal system. The commensurable effects are based on

1/5, and the opposite for larger than 1/5. The 1/5 phase is very small d@fferences i_n the free energy and impurities and
the stable one until the temperature is lowered to the poingefects are likely to be important. Furthermore, the results of
owley et al?’ in Fig. 1 show that, at low temperatures,

where the slope becomes zero. At this temperature it costs ng | bl f . b i th
energy to create domain walls, as long as the distance bs_evera metastable configurations may be present in the crys-
: Lo : - “Yal at the same time. The occurrence of metastable structures
tween them is larger than their width. This leads to a vertical hould be most pronounced at low temperatures, as also in-
decrease of ther value at this temperature. At a slightly gicated by the behavior of the hysteresis effects, however,
lower temperature the density of the domain walls will be soyixed phases are still observed at 35 K, see Fig. 1. Taking
large that the walls overlap each other, and there will be onlyhese effects into consideration, it seems reasonable that the
one equilibrium configuration, corresponding to the curva-cajculated lockin at zero field of the 1/5 structure within an
ture in the free-energy function at the minimum being non-interval of about 2 K, may be smoothed out in the tempera-
zero. The change of as a function of temperature will ac- ture variation of the average position of the fundamental
cordingly be more gradual. The transition between the 1/Smagnetic scattering peak. We may instead refer to the low-
structure and other structures is predicted to occur in dield anomalies observed near 40 K in ultrasdhiand

(quasjcontinuous! way in both the cases considered, but atmagnetizatiof® measurements. The observed field enhance-

ture is stable. The free energy in the zero-field case is ne
ertheless going to change linearly withfor 7 sufficiently
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ment of the lockin of the 1/5 phase is in contradiction with temperature dependence ©ofn the interval between 80 and
the behavior expected if the trigonal coupling were negli-100 K is a factor of 2 larger at a field of 20 kOe, just above
gible. Zeeman effects due to a small misalignment of thehe helix-fan transition, than at zero field. This prediction
c-axis field are estimated to be of no importance, so, qualimay be compared with the experimental results of Tindall
tatively, the enhancement may only be explained by thest al?! shown in Fig. 5 of their paper. This figure shows that
trigonal coupling. The question left open is whether the ob-r changes from about 0.18 at 81 K to about 0.23 at 95 K,
served plateau of abb@ K at 30 kOe isconsistent with the  when a field of 30 kOe is applied alongaxis. This change
calculated range of the lockin of about 10 K. is a factor of 3 larger than indicated by the calculation at 30
kOe, but it is comparable with the prediction at 20 kOe. In
the fan phase the average basal-plane moment is about
6ug, which leads to a demagnetization field in the case of a

The high temperature regime is here considered to extensphere of about 8 kOe, and it is therefore quite likely that the
from 40 to 50 K and up tdy . In this temperature range the applied field of 30 kOe should be reduced by about 10 kOe
anisotropy within the basal plane is relatively weak, and thén the comparison with the model calculations. Domain ef-
spin-slip model no longer applies. Instead the additional anfects combined with the large value of the demagnetization
isotropy introduced by an external field will play a much field may also be the reason why Tindetlal?* observed the
more important role. The value afchanges continuously in  magnetic satellite to split into two peaks in some of the
most of the interval, and detectable commensurable effectscans, the observed splitting #nof 0.007 corresponds to a
are only expected for structures with short commensurabléeld difference of 4—5 kOe. Tindaé#it al. do not report any
periods, and we have limited ourselves to the study of theparticular lockin effects for the structures shown in their Fig.
following three cases: the 18-layered 2/9 structure, thé. This is consistent with the model calculations which also
8-layered 1/4 structure, and the 36-layered 5/18 structure aglo not indicate any significant commensurable effects for
pearing, respectively, around 75 K, 100 K, and 130 K. these structures.

Assuming the average slope/dT near 75 K to be 0.001 The change of as a function of a basal-plane field is still
K ~1, we calculate the lockin interval of the 2/9 structure toof some magnitude around 100 K, and the calculated effect
be 0.5 K at zero field. This value is nearly unchanged in agrees well with the observation of Ventral?® At 100 K
field of 30 kOe along the axis. According to the magneti- the helix-fan transition is predicted to occur at a field of 18
zation measurements the transition to the fan structure, vikOe. At fields just below this value the 1/4-phase is found to
intermediate helifan structures, occurs at a field of about 1®e stable within an interval of about 2 K, the interval is 2.0 K
kOe applied along & axis®**?At 14 kOe the system is still at 16 kOe assumingl7/dT=0.00128 K !, whereas this
in the helical phase, but the helix is strongly distorted by thenterval is reduced by a factor of 2 or more in the fan phase.
field, the magnitude of the secottor seventh harmonic of ~ Tindall et al!®*?*have observed a lockin of the 1/4 struc-
the basal-plane moments has grown to be almost the same e in an interval of abdul K at 14 kOe andibout 1.5 K at
in the fan phase, and the 2/9 structure is found to be stable iB0 kOe, and Venteet al®® have made the similar observa-
an interval of 3.6 K. These commensurable effects for the 2/%on that the 1/4 structure is stable within an interval of about
structure are found to be nearly independent of the trigonal K atH,=17 and 23 kOe. The system is most likely to be
anisotropy. The only weak tendency for the system to lock irstill in the helical phase at 14 and 17 kOe. The positions of
at 7=2/9 at zero field or in the presence ofcaaxis field these lockins, just below 100 K in both cases, and their
seems to be in accordance with experiments. Tindall anavidths are in good agreement with that predicted in the he-
collaborators have not reported any lockin of the 2/9 struclical case. The present model indicates that the stability of
tures in these two cases, whereas they observed a plateautire 1/4 structure should decrease when the system jumps into
the 7 variation with a width of aboi2 K in the presence of the fan phase, which is somewhat in disagreement with the
a b-axis field of 14 kO&* which is consistent with the cal- experiments. We have two remarks to add to this minor dis-
culated behavior. crepancy. First, théeffective anisotropy parameters are de-

In the helical phase, the field perpendicular to the helicatermined from the behavior of the system at low tempera-
axis leads to a slight reduction of thevalue. The transition tures, and their values may have changed at these high
to the fan phase is accompanied by a further reduction ofemperatures. An increase of the axial anisotr&gystabi-
7, hereafter in the fan phase there is a steady increase oflizes the 1/4 structure in the fan phase, but does not have
with increasing field until the system becomes ferromag-smuch effect on the helical structure. Second, it is uncertain
netic. The possibility that the ordering wave vector maywhether the system is in the fan phase at the fields of 23 and
change was not included in the original analysis of the helix-30 kOe. The relatively large demagnetization field in the
fan transition by Nagamiyat al® It has been observed by case of the fan may lead to a mixing of the phases, and in
Koehleret al® at 50 K, wherer changes from 0.208 at zero addition there is the likely possibility that the structures are
field to be 0.170 in the fan phase, a change which was founbelifans! in which case the commensurable effects are larger
to agree with the model calculatiohsAt 80 K 7 is about than they would be in the fan phase.
0.230 at zero field and is calculated to be reduced to 0.199 Around 100 K the hexagonal anisotropy energy is very
when the helical structure is changed into a fan at 18 kOe. lismall and the calculations indicate that the basal-plane turn
the fan phaser increases and is 0.222 at 30 kOe at theangle at zero field only differs by up to 0.12° from the av-
transition to the ferromagnet. The magnitude of theseerage value of 45° for the 8-layeresk 1/4, structure at zero
changes inr decreases linearly with increasing temperaturedield. The application of a field along theaxis implies that
and is a factor of 3 smaller at 100 K. This means that thehe first-order trigonal contribution, E¢3.2), becomes non-

B. High temperature regime
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zero and the trigonal anisotropy leads to a variation of the ————————
turn angle between 44.5° and 45.5° k¢=30 kOe. This
modification is still small, and the model calculations indi- 12
cate only very weak commensurable effects, a lockin tem-
perature interval of the order of 0.1 K both at zero field and
when H.=30 kOe. In analogy with the fifth and seventh
harmonics induced by the hexagonal anisotropy, the first-
order trigonal anisotropy induces a second and a fourth har-
monic, but because of the factor-(L)P in Eg. (3.2) these 4
harmonics are translated by a reciprocal lattice vector along
the ¢ axis (the half of a reciprocal lattice vector in the
double-zone schemewhich means that the fourth harmonic . . ‘ . ‘ ' .
appears at zero wave vector whes 1/4. In other words, in 0 10 20 30 40 50 60 70 80 90
the case of a cone structure with 1/4 the trigonal coupling 0 (degrees)
leads to a ferromagnetic component perpendicular to the
cone axis_ The two extra peaks observed in the cone phase FIG. 7. The calculated lockin temperature inter\tbll', of the
in, for instance, the 2/11 structﬁ’?emay be classified as 14 phase as a func.tion of a field .of 30 kOe.app!ied in a Qirection
arising from these harmonics, and in the cone phase of e,n_wal_qng the angle with thec_d|rect|on_. The mldpomt_ of the inter-
bium, wherer=5/21 is close to 1/4, the fourth harmonic is val is betwe_en 95 and 97 K in the helical case and lies between 102
. - and 100 K in the fan phase.
observed close to the nuclear péalsee also the discussion
in Ref.[42]. In the present case the ferromagnetic moment is
along ab axis and is calculated to be 0.Q43 when lockin at zero field but detected plateausrat 1/4 with a
H.=30 kOe, corresponding to an average rotation of thdemperature range 2—2.5 K incaaxis field of 17-30 kOe.
moments towards thie axis by about 0.4°. The lockin effect is independent of the direction of the field
The estimated moment is small, but the energy differ-component in the basal plane, but it is not necessarily easy
ences determining the commensurable effects are also smdijr the 1/4 structure to adjust itself to even a slow spatial
and the basal-plane moment has a profound influence on theariation in the direction of the field, because a rotation of
system, as soon as the field has a nonzero component pehe ferromagnetic moment in the basal plane requires a shift
pendicular to the axis. The Zeeman energy gained by thein the (averagg phase angle for the 1/4 structure which is
1/4 structure, in comparison with the neighboring structuresabout one-quarter of the angle the moment is rotated. This
is proportional to the anglé between thec axis and the effect, in combination with the presence of magnetic do-
direction of the field, at small values of the angle. At themains, may explain why Ventest al?® did not detect any
temperature where the=1/4 structure is stable #=0, the  ¢lear plateau at=1/4 in ac-axis field.
free energy of the structures increases qgadratically With The mean-field properties of the 36-layeresk5/18,
7—1/4, which leads to a lockin temperature inten&ll, of  strycture just below the M temperature have also been
the 1/4 structure proportional tg¢. In this simple estimate jnyestigated. At zero field and at a temperature of 125 K, the
we have neglected the small commensurable effeét=ed,  odel predicts only a marginal lockin effect, of the order of
and the possibility that the structures wittslightly different o o5 k. The calculations indicate an increase of the effect
from 1/4 may be able to develop a net moment in the basgan, 5 field is applied in the basal plane, but the increase is
plane. The size of the eff_ect_ is illustrated in F_|g. 7_’ which not substantial, only about a factor 1.5 in a field of 30 kOe.
;hows the calculate_d lockin mt_erval as a functionéon a At this field it is assumed that the structure is a fan, as the
field of 30 kOe.AT increases like/f at small values of helix-fan transition is estimated to occur at a field of about

?sngnlls 2?;;'[6%5 Kairitﬁ(; fr?e Iilstgp\,/vaele;ngois ?en(:a‘::% dtgetuihél n20 kOe. The lockin effects predicted at these temperatures
ysia P P X are far below what might be considered to be observable
structure in the other part. Farlarger than about 40° only

the fan is stable andT decreases to abbd K at 90°. As effects, in contradiction with the experimental results. Neu-

. : : diffraction experiments show a clear lockin effect for
mentioned above the hexagonal anisotropy is very small at{‘lon :
g by y the 5/18 structure between 126 K ahg=132.9 K at a field

these temperatures and férlarger than about 0.5° the re- s .
sults shown in Fig. 7 are independent of whether the field iQf 30 kOe along thé direction;™ which is accompanied
lying in thea-c or theb-c plane. The transitions between the PY ultrasonic anomalies in the propagation of longitudinal
1/4 structure and the surrounding incommensurable strugound waves along the direction™ This lockin phenom-
tures are established via the creation of domain walls and a@on so close to the ordering temperature lies outside the
continuous, equivalently to the case otlose to 1/5. range of what might be explained by a mean-field model. In
The vertical slope oA T as a function of¢ at the origin  the mean-field approximation the anisotropy energies are
means that even the slightest deviation of the field from pernearly eliminated close tdy due to thermal fluctuations.
fect alignment along the axis will produce a sizable lockin However, it might be possible that these fluctuations behave
effect, e.g.,AT is calculated to be 2.7 K a#=1° when somewhat systematically such as to favor commensurable
H =30 kOe. Both this value and the very weak lockin effectstructures, analogously to the commensurable effects in-
at zero field are in good agreement with the observationsluced by quantum fluctuations according to the analysis of
made by Noakes and collaboratd?d/ who saw no sign of a  Harris et al>*

AT (K)
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IV. DISCUSSION AND CONCLUSION is the case. They have observed a reduction of the longitudi-
The coupling between the periods of the lattice and of thenall corre_latlon !eng_th between 40 and 20 K by a factqr of 3,
. . . : a reduction which is partly removed when the spin-slip lay-
magnetic structures in the rare earths is determined by &rs disappear at the lockin transition#e 1/6 at about 20 K
complex interplay between the exchange coupling and the The only indisputable discrepancy between the theory and

magnetlc anisotropy t.e.rms. The exch'ange cpupllng 'S tmf'he experiments is found in the behavior displayed by the
main factor for determining the magnetic ordering wave vec- /18 structure. The experimeRt€®indicate that this struc-

h h i i isi izati X . L
tor, whereas the anisotropy is decisive for the polarization o ure locks in between 126 K arifl, in a b-axis field of 30

the magnetic structure. If only axial anisotropy were impor- . .
; . s kOe, whereas the calculations only show a marginal effect.
tant in holmium the free energy would be minimized by a—."" . : :
regularly spiraling helix in the basal plane, at the wave vecThIs- d|screp_ancy does not necessarlly_ question t_he model,
. . o _ but is more likely a consequence of the limited validity of the
tor at which the exchange has its maximum. Any anisotropy,ean field approximation close to the magnetic phase tran-
within the hexagonal layers distorts the helix, which is re-gjtion The fluctuations neglected in the calculations may be
flected through the appearance of higher harmonics, as fQfg |arge in this case that their contribution to the free energy
example the fifth and seventh harmonics due to the sixfolds decisive for the commensurable effects. At temperatures
hexagonal anisotropy term. The exchange energy is mainlye|| below T, we do not expect any major corrections to the
determined by the amplitudes of the harmonics, but the fregyckin intervals derived in the mean-field approximation.
energy also depends on their phases. In the incommensurald@y discrepancy would rather be due to a failure of the
structures only the relative phase differences are importaniodel than to the use of this approximation.
In contrast, the umklapp contributions to the free energy ap- The model neglects anisotropy effects due to the magne-
pearing if the harmonics are commensurable with the latticetoelastic couplings. These couplings may be as large in hol-
depend on the absolute phase, and an adjustment of thigium as in the other heavy rare-earth elements without af-
phase will quite generally allow the system to reduce thefecting much the calculated results. The magnetoelastic
anisotropy energy through the umklapp terms. The strengthontributions to the effective anisotropy are small compared
of the commensurable effect then depends on how well thevith the other contributions to the anisotropy. The only cases
gain in anisotropy energy counterbalances the increase in thwehere the magnetoelastic effects on the lockin phenomena
exchange energy, when the ordering wave vector is shiftechay be important are those where a magnetoelastic distor-
from the value which minimizes the exchange energy to thdion is present in one structure, but disappears at the transi-
commensurable value. tions to the neighboring structures. One example of this is
The commensurable effects depend in a detail way on ththe helix-ferromagnetic transition in dysprosium. In hol-
anisotropy energy, and the most important result of themium, the 7=2/11 and 3/16 spin-slip structures both have
present investigation of the commensurable structures in hothe distinct property that the averaged value of the quadru-
mium is that the increased stability of the 10-layered periodigpole moments in the basal plane is nonz@bzero field in
structure around 42 K and of the 8-layered periodic structurg¢he basal planeand the magnetoelastic couplings may cause
around 96 K, observed when applying a field along the the two structures to be more stable than predicted by the
axis, can be understood. In both cases the explanation reli@sodel.
totally on the trigonal coupling, adding to the evidence for The neglect of the direct effects due to the magnetoelastic
the presence of this coupling in holmium. The two cases areouplings implies that all the parameters are assumed to stay
also the only ones found where the trigonal coupling has angonstant as functions of the field, at a fixed temperature. A
significant effect on the stability of the commensurable strucfield dependence off(q) is expected based on the Elliott-
tures. It should be stressed that, although the trigonal couNVedgwood theory? because the polarization of the conduc-
pling in combination with a small misalignment of the tion electrons is changed by the field. It is therefore interest-
c-axis field has the corresponding effect on the 8-layeredng to notice that the model is able to account for most of the
periodic structure as the large symmetry-breaking term confield dependence of the ordering wave vector in holmium,
sidered by PlumetS the trigonal coupling is consistent with observed both at low temperatures and at temperatures
the symmetry elements of the HCP lattice. around 80-100 K, without much need for invoking a field
With a few exceptions the calculated ranges in which thedependence of the exchange coupling. The temperature de-
different commensurable structures are stable are larger thgrendence of the exchange interaction is accounted for in a
indicated by the experiments, and these differences are moghenomenological way in consistency with the behavior of
noticeable at low temperatures. This may be explained by ththe spin-wave energies. The reason for the temperature varia-
occurrence of metastable structures in the samples. The netien is basically that the indirect exchange depends on the
tron diffraction experiments of Cowlest al?” show that the  polarization of the conduction electrofis,a dependence
crystals may contain several domains with different strucwhich may be accentuated by the magnetoelastic effects,
tures below 40 K. As the temperature is raised the energywhich are suggested to be present by the strong correlation
barriers between the metastable structures decrease and thetweenr and thec/a ratio** The polarization dependence
thermal energies increase, so that the system may more eas-the exchange coupling may also have the consequence
ily reach thermal equilibrium. At low temperatures, in the that the coupling itself depends on, whether the magnetic
regime of the spin-slip structures, there is the additional poserdering is commensurable with the lattice or not. This pos-
sibility that the regularly spaced spin-slip layers in the equi-sibility is neglected in the model calculations and is probably
librium state are disordered to some extent. The x-ray difunimportant in holmium, where all the stepwise changes of
fraction measurements of Helgesenal >° indicate that this the ordering wave vector are small. For comparison, the
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change of7(q) which takes place at the helix-ferromagnetic tions of these two effects would be valuable. The lockin
transition in dysprosium, is of some importance for this trantemperature interval of the 1/5 structure is predicted to be
sition, as discussed for instance in Ref. 37. larger than indicated by the variation in the position of the

The trigonal coupling derived in the present analysis isfirst harmonic, and a study of the behavior of the fifth or
somewhat smaller than the coupling considered by Simpsoseventh harmonics will be useful for a clarification of the
et al,® and in comparison with the exchange coupling itsexperimental situation. The strong lockin of the 1/4 structure
relative magnitude is ten times smaller in holmium than inaround 96 K indicated by the mean-field model, Fig. 7, de-
erbium?#? Nevertheless, the two commensurable effects irserves further studies, in which the field is applied by pur-

holmium determined by the trigonal coupling are found to bepose in a direction making a nonzero angle with thaxis,
very pronounced, and more detailed experimental investigaer with the basal plane.
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