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Magnetic phase diagram of Ho/Er alloys
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The magnetic structures of a series of Ho/Er alloys have been determined by neutron-diffraction techniques.
The alloys were prepared as thin filtls0 000 A thick by molecular beam epitaxy, and are single crystals
with a mosaic spread of about 0.2°. A variety of magnetic structures are found, arising from the competition
between the exchange and anisotropic crystal-field interactions, the latter of which are of opposite sign for Ho
and Er. The magnetic phase diagram has five distinct phases with long-range magnetic order: basal-plane
helical, tilted helical, cycloidalg-axis longitudinally modulated, and conical. The cycloid and tilted helix have
both incommensurate and commensurgteic* forms, and all of the thin films have a conical structure at low
temperatures, even though corresponding films of pure Ho and Er do not exhibit this phase. There is a
pentacritical point and probably a disordered phase which is completely surrounded in the phase diagram by
magnetic phases with long-range order. A Landau theory is developed to describe these results.
[S0163-182698)05414-9

I. INTRODUCTION c*, and there is a bunching of the moments towardsathe
axes in the basal plane.

The magnetic structures of the rare-earth metals are com- Since the initial measurements there have been many
plex because of the competition between the exchange intemore detailed studies of the structures of Ho and Er. High
action, which usually favors structures that are incommensuresolution x-ray-scattering measurements have revealed
rate with the underlying hexagonal lattice, and the crystaliong-period commensurate structures in both the cycloidal
field interaction, which favors alignment of the magneticphase of Ern(Ref. 4 and helical phase of H¢Ref. 5 and
moments along specific crystallographic axes. In this papedetailed studies of these commensurate structures have been
we report on the structures of alloys of Ho with Er. Ho andmade®®’ These show a variety of distortions of the simple
Er have similar exchange interactions but very differentphases described above caused both by the competition be-
crystal-field interactions, and so the study of these alloysween the crystal-field and the exchange interactions, and
enables us to probe the behavior when, on average, thiso by the effect of trigonal interactions which distinguish
crystal-field interactions become very small and a variety obetween the two different sites of the hexagonal crystal
different magnetic structures are stable. structure.

Both Ho and Er have magnetic structures in which the The development of molecular beam epitddMBE) tech-
magnetic moments within each basal plane are aligned fehiques has made possible the growth of high-quality thin
romagnetically, but the direction and possibly the magnituddilms for many materials that are not readily available as bulk
of the ordered moments changes from one plane to the nexingle crystals. Although bulk single crystals have been
along thec axis. The magnetic structures of bulk Er were grown by strain annealing, we chose to use single crystal thin
first determined by Cablet al! Between the temperatures of films of Ho/Er alloys grown using MBE techniques, as de-
85 and 52 K, the structure is @axis longitudinally modu- scribed in the next section. Samples of thin films of Er and
lated structure with a wave vectgrof about3c*, and both  Ho have been studiéd and their properties are similar to
the moment direction and wave vector are parallel todhe those of the bulk materials, except that in both cases the
axis. Between 52 and 20 K, both tleeaxis and basal-plane conical phase is suppressed. In the case of Ho thin films, the
components of the moments order to form a cycloidalhelical phase persists to at léas K with a wave vector
structure? while the wave vector decreases on cooling fromwhich increases with decreasing film thickness, and for a
2c* to 3c*. At 20 K there is a first-order transition to a thickness of 10 000 A the wave vector is abdat at low
conical structure in which the ferromagnetic moment istemperatures. The magnetic structure of a 10 000 A film of
along thec axis, the cone angle is about 26°, and the moduEr at low temperatures is a cycloid with a wave vector of
lation wave vector of the basal-plane componentsis . ic*. The suppression of the conical phase in the films re-
The magnetic structures of bulk Ho were determined bysults, presumably, from the clamping of the rare-earth film
Koehler et al® Between 132 and 20 K, the structure is aby the substrate and the cap, which reduces the gain in the
basal-plane helix described by a wave vector varying bemagnetoelastic energy on entering the conical phase. We
tween3c* andsc*. At 20 K there is a transition to a conical also note that superlattices of Ho/Er have been studied, and
structure in which the cone angle is about 83°, the rotation oflisplay an unusual coexistence of short and long-range mag-
the basal-plane components is described by a wave vector oktic correlationd??
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Bulk alloys of Ho and Er have been studied by Bozorth TABLE I. Lattice parameters andc in A of Ho/Er thin films
et al? using magnetization measurements. Their resultgt 10 K as a function of concentration
showed that the onset of magnetic order varies continuousty
with the concentration between Ho and Er, and that the tranConc.x 1 093 065 057 031 013 Y
si_tion to a conical structure at low temperatures occurs at g 3580 35707 35790 3.5659 35609 3.5678 3.555
higher temperature in the alloys than in the pure materials. A 5621 56270 5618 56070 55958 55950 5.577
bulk alloy containing equal amounts of both Ho and Er has
been studied by neutrbft?® and x-ray-scattering
technique¥ to determine the magnetic structures, while
neutron-scattering measurements have been made of t

eters and these were each within error the same as those of

tic struct ¢ al taining 90% of B tﬂ’?e bulk materials. The Y and the alloys were, however,
magnetic structures for a crystal containing SU% OF'FD. - 5iigned with their crystallographic axes in the same direc-

The results show a variety of magnetic structures but did NOkons. The mosaic spreads of the alloys varied between 0.1°

establish the nature of the phase diagram. We shall discu%&d 0.2° which are typical of the best rare-earth thin films
these results and compare them with ours for thin films ingrown in this way?107

Sec. IV. One problem has been to find an accurate way of confirm-

The next section of the paper des_crlbes the_ growth of th?ng the compositions of the alloys. This is difficult because
alloy samples, the neutron-scattering techniques used Y90 and Er differ by only one in atomic humber and so the
s_tudy thg magneug scattering fr(_Jm the alloys, a_nd the analy)?—ray—scattering form factors are very similar. In addition, the
sis of th|s_scatter|ng to determine }he magnetic .StrUCturesheutron—scattering lengths differ by only 0.6%. The lattice
The experimental results are described in detail in Sec. I”parameters of the films. as determined at 15 K. are listed in
where the different magnetic structures are deduced as g .| and compared ’With those of 10 000 A’films of Ho

function of temperature. There are at least nine differenty 9 and of Er(Ref. 8. The difference in both tha- and
magnetic phases, and it is suggested that one of these phaviie%ttice parameters for Ho and Er is only 0.5% and so these
is disordered and entirely surrounded in the phase diagraqqe :

by phases with long-range order. A Landau theory is devel utron-scattering measurements do not provide an accurate
) e : . determination of the concentration by using Vegard’'s Law.
oped in Sec. IV to describe the structures which occur at th y 9 veg

t of i deri d the bh di ) e shall return to a discussion of the concentrations in Sec.
Onset of magnetic ordering, and the phase diagram IS qu B, but meanwhile we shall refer to the concentrations of
tained with several multicritical points at one of which five the different samples by the best estimate of the concentra-
different magnetic phases are stable. At low temperatureg, ¢ ohtained in Sec. IVB and listed together with the

the structures are determined by the energy of the SySterﬂbminal concentrations in Table II. Thin films grown by the

and an expression for the energy is obtained and shown to bs%me methdd were uniform in concentration tet 0.5%,

capab_le Of desgrlbmg the observed structures. Fl_nally, a SUMad our results are consistent with the Ho/Er alloys having a
mary is given in Sec. V, and the questions raised by th|sSimilar uniformit
work are further discussed. Y

IIl. SAMPLE GROWTH AND NEUTRON SCATTERING B. Neutron scattering

The neutron-scattering experiments were performed using
triple-axis spectrometers at the DR3 reactor of the Risg Na-

The alloys of Ho/Er were grown at Oxford using the MBE tional Laboratory. Neutrons from a cold source were Bragg
techniques described previousfySapphire substrates with reflected from thé002) planes of a pyrolytic graphite mono-
an area of 1210 mm? were UHV annealed and 1300 A of chromator to produce a neutron beam with a wavelength of
Nb deposited on them to provide a chemical buffer betweert.05 A. The neutrons with wavelengthsx®R, A /3, etc. were
the sapphire and the reactive rare earths. 1800 A of nonmaguppressed by a cooled Be filter. An analyser also of pyro-
netic Y was deposited on the Nb to provide a seed with dytic graphite was set to detect elastically scattered neutrons
growth plane having a similar structure and lattice parameteand was used to improve the instrumental resolution and to
to the basal plane of the rare earths. Ho and Er were simukeduce the background. For three of the samptes).31,
taneously deposited onto the seeds with the elemental dep6-57, and 0.93, the spectrometer TAS 6 was used with colli-
sition rates chosen to produce the desired alloy compositiormation from the reactor to detector of '3®9, 52', and
and to grow each alloy at a rate of 1 AS to a thickness of 104’ giving a resolution in the scattering plane of typically
10 000 A. During the growth of the alloy, the temperature 0f0.011 A both parallel and perpendicular to the wave-vector
the substrate was held at 870 K: a temperature chosen to &nsfer. The remaining two samples and xi%0.93 sample
high enough to facilitate the growth of high-quality films but were studied using the TAS 1 spectrometer with collimations
sufficiently low to prevent separation of the two rare earthsof 140, 30', 60', and 140, giving a resolution of 0.021
Finally, 150 A of Y was deposited to inhibit oxidation of the A ! parallel and 0.016 A perpendicular to the wave-
alloy. Five different samples of the H&r,_, alloys with  vector transfer.
nominal compositionx=0.8, 0.65, 0.5, 0.3, and 0.1 were = The samples were mounted in a variable temperature cry-
grown and their properties investigated. ostat with thea*- and c*-crystallographic axes in the

The samples were studied by x-ray-scattering techniquelsorizontal-scattering plane. The temperature was controlled
which showed that the Ho/Er alloys were of single crystalto +0.5 K between 8 and 150 K. Most of the measurements
form with thec axis perpendicular to the plane of the films. were performed by scanning the wave-vector transfer along
The Y seed and the alloy had differeatlattice param- the[0 0/] and[1 0/ ] directions in reciprocal space, while

A. Sample growth
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TABLE II. Transition temperatures in K and magnetic structures offte_, alloys. Note: The data for
x=0 and 1 are from Refs. 8,9,17. The phase transition temperakygeare for transitions between phase

high temperature and® low temperature wherd>=
C=cycloidal,H =basal-plane helixT =tilted helical,D

paramagneticL =c-axis longitudinally modulated,
=isotropic disordered, an@o=Ilowest temperatures

conical phase. The wave vectors are in unit€df andqgc and 6 are for the conical phase at low tempera-

tures.

X 0 0.13(2) 0.31(2) 0.57(3) 0.65(2) 0.93(2) 1.0
Nominal x 0 0.1 0.3 0.5 0.65 0.8 1.0
To, 85.6(4)  88.0(5)

Ten 95.0(5) 109.6(5) 113.5(5) 128.9(4) 133.3(5)
do 0.283 0.284 0.282 0.282 0.281 0.279 0.278
Tie 50(5)  73.6(9)

Tor 81 (1) 45 (2)

Trc 65 (5)

Lock-In 20(4) 27 (1) 35(1) 45 (2)

Trp 38(2)

Teco 165(10)  22(2)

TocoTHco 30(1) 35(1) 20(1)

0 39.5(3) 45 (1) 57 (1) 62 (2) 75(2)

dc 0.25 0.241 0.238 0.230 0.224 0.200 0.200

keeping the energy transfer fixed at zero. Particular emphassities of these peaks the magnetic structure can be deter-

was put on the structural Bragg reflectidifs0 2 and(1 0 0)
and the magnetic scattering at tt@ 0 2—q) and (1 0 q)
positions in reciprocal space, whetgis the modulation
wave vector of the magnetic ordering which is always paral
lel to the[0 0 /7] direction and will be given in units of the
reciprocal lattice vectoc* .

C. Data analysis

A typical result for the neutron scattering measured in

these experiments is shown in Fig. 1 for ttre0.65 alloy at

a temperature of 9 K. The scattering is dominated by shar

peaks that are mostly resolution limited and from the inten
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FIG. 1. The scattering observed from figEr, 35 at 20K. The

mined. There are a few less intense peaks also illustrated in
Fig. 1 which arise from higher order distortions of the ideally
harmonic structure. These were only observed at the lowest
{emperatures.

The principal peaks corresponding to the structural Bragg
reflections(0 0 2) and(1 0 0) and to the magnetic scattering
occurring at wave vector® 0 2—q) and(1 0q) were fitted
to Gaussians to obtain their position, width, and integrated
intensity. The difference in the position of the nuclear and
magnetic scattering gives the modulation wave vegtand
these are shown in Fig. 2 for all of the samples. The modu-
Bation wave vectorq was determined from théd 0 2—q)

‘and (1 0 q) peaks to an accuracy aof 0.002. The results
were within error the same for both peaks except forxhe
=0.13 sample as described in Sec. Il F.

Magnetic Bragg scattering provides a measure of the

square of the ordered magnetic moment perpendicular to the
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FIG. 2. The wave vectors of the modulated ordering for Ho/Er

inset in the upper diagram shows the scattering from the highealloys. The solid line shows the wave vectors for a Ho fi{lRef.

harmonics and the label Y shows the scattering from(th@ 2
reflection of the Y seed.

17) and the dashed line for bulk Erand the concentrations of Ho
are listed.



57 MAGNETIC PHASE DIAGRAM OF Ho/Er ALLOYS 8397

T T T T T T T T T T T T T T T T T T T T T T T T T
10 J 10 - +—e Total -
| o i L v—v c¢-axis Ferromagnetic
- c-axis Modulated
o x=093 = o—o Basal-Plane Modulated

2] 2
E 2
[ _ o

5 05| e—s Total . . S 05r |
o v c-axis Ferromagnetic c\:
g z—=a c-axis Modulated ¥
é o—>o Basal-Plane Modulated §,

0} - 0+ .

L L 1 L
0 50 100 0
Temperature (K) Temperature (K)
FIG. 3. The square of the ordered components of the magnetic FIG. 5. The square of the ordered components of the magnetic
moments for the alloy Hgg¥Erg o7 moments for the alloy Hgs£Erg 43.
8 . .
wave-vector transfe@ of the neutrons® The integrated in- Im(1 0 0)=F3(S,(0))?, (3)

tensity of the Bragg scattering & 0 2 was found to be
independent of temperature showing that this scattering i§hereF, is another constant. Since the wave-vector trans-
nu_clear.sca.tterllng. The absence of any magnetic scattering fBrs(1 0 0 and(1 0q) are very similar, the changes in the
this region indicates that none of the samples have a ferrqnagnetic form factors and instrumental conditions between
magnetic structure in which the magnetic moments are Ofhege two wave-vector transfers are small and if they are
.dered.m the basal plane perpen_dlchaQoIn contrast, the neglected Fz=2F,. A detailed calculation givesF
intensity at thg(1 0 ) Bragg position increases for all of the =2.0F,.
samples below about 25 K, showing that they have ordered g experimental results were then analyzed by assuming
magnetic moments along tleeaxis at low temperatures. that (5)((q)>2:<5y(q)>2: 1(S, ()2 This is the case for
The intensity of the magnetic scattering measured with e magnetic structures such as the basal-plane helix or cone
wave-vector transfeQ=(0 0 2-q) is proportional to the — \yhich are isotropic about the axis, and for all other struc-
ordered moment perpendicular @™ namely, in the basal {res if it is assumed that there are randomly populated do-

plane, so that mains throughout the films. The ratio Bf, to F, was deter-
M 2 2 mined experimentally from the intensities measured Qor
10 0 2=a)=Fl{S(@)" (Sl D _ (570 27g) and (1 0 ) for phases in which(S(a)) is

whereF is a constant depending on the form factor, funda-known to be zero. Typicallf,=0.28, which is also con-
mental constants and the instrumental parameters. The integsistent with calculations. As is conventional, the square of
sity of the Bragg scattering whe@=(1 0 q) is given by the ordered components, (q))?2, (S,(q))?, and(S,(0))?,
were then normalized to the square of the total ordered mo-
1(1 0 q)=F5[0.04S,(q))*+(S,(q))*+0.99S,(q))?], ment (S;)? at low temperatures whergSr)?=(S, (q))>+
(S,(0))2+(S,(q))? and the results for the five samples are
WhereF2 is a constant similar tﬁl and the numerical con- shown in FlgS 3-7. The different magnetic structures that
stants are deduced from the Component of the ordered maey€e to be identified from the measurements are as follows.
ments perpendicular Q. The temperature-dependent part of (@ Basal-plane helix: (S,(q))#0,  (S,(q))=0,
the scattering at thél 0 ) Bragg reflection is given by (S/(0))=0.

LI A A T ———r—— T 7T

10 o——e Total A 10 + e Total 7
v——=> c-axis Ferromagnetic v—= c-axis Ferromagnetic
z—=a c-axis Modulated -8 ¢-axis Modulated

e—o Basal-Plane Modulated o——> Basal-Plane Modulated

x=031 |

(Order Parame’ter)2
(=]
(¢}

(Order Parameter)?
(=]
(&)

50 100 . 0 T 50 I 100
Temperature (K) Temperature (K)

FIG. 4. The square of the ordered components of the magnetic FIG. 6. The square of the ordered components of the magnetic
moments for the alloy HggErg 3s5. moments for the alloy HgsErg go-
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, : Ill. MAGNETIC STRUCTURES

10 b o—e Total J .

| v—— c-axis Ferromagnetic | A. Experimental results
=—=a c-axis Modulated i X .
e—o Basal-Plane Modulated | The experimental results were analyzed as described in

the previous section. Except for a few limited temperature
ranges, the widths of the peaks were independent of the tem-
perature and determined by the experimental resolution
) ] showing that the magnetic order is of long range and has an
e V- N ] extent of at least 2000 A in the growth direction of the alloy.
‘ . For each sample the integrated intensities of the observed
g peaks were used to determine the square of the total ordered
moment, the square of the modulated component in the basal
plane and along the axis, and the square of the ferromag-
Temperature (K) netic component along the axis, Figs. 3—7, in units such
that the square of the total ordered moment is one at low
FIG. 7. The square of the ordered components of the magnetitemperatures. The statistical errors are smaller than the size
moments for the alloy Hg;£rq g7 of the points. Close to the N&temperature for the onset of
magnetic ordering the square of the ordered moments in-

(b) Tited helix: (S, (q))#0, (S,(q))#0, creases approximately linearly with the temperature differ-

x=0.13 4

(Order Parameter)?
o
(4]

0 50 100

(S,(0)y=0, R=[(S,(q))/|(S,(q))]|<1. ence fromTy. The Neel temperature was therefore obtained
(©) Cycloid. (S, (q))#0, (S(q))#0, (S,(0))=0, R from a linear extrapolation of the measured intensities. The
_ I(Sz(q))|/|<5l(5))|>1- ' ' ' magnetic structures for each sample are described in the next

. _ sections and summarized in Table II. The transition tempera-
:<(§Z)(OC)(;/n<eS.<(S$)(>q)>¢O, (S/a))=0, (S[0))#0, tary tures from, for ex_ample, a helix to a cycloiq are written as
© c-axiLs Ioﬁgitudinally modulated: (S, (q))=0 The, where the first symbol refers to the high-temperature
-\=uq ' phase and the second to the stable phase at lower tempera-
<SZ(q)>7.&O' .<.SZ((.))>:O' . , . tures. The symbol®, H, T, C, D, L, andCo refer to the
_The |dent|f|C<_at|on 9“ the tilted helix and the cy(_:I0|d re- aramagnetic, helical, tilted helical, cycloidal, disordered,
quires further discussion. These two phases are different be: ;g longitudinally modulated, and conical phases, respec-
cause the titled helix has components of the ordered MOjvely.
ments along the three perpendicular directidg), (S,),
and (S,). In contrast the cycloid has ordered moments in
only one direction in the basal plane. Despite this difference, B. Results forx=0.93

if there is a random sc_et .of .cy_cloid. domains the scattering Magnetic ordering is observed beldip,=128.9+ 0.4 K
from these two phases is indistinguishable because both ha\é‘?’nd the absence of @axis longitudinally modulated com-
(S.(q)) and(S,(q)) nonzero. These phases do have differ-nonent Fig. 3, shows that the structure is a basal-plane helix.
ent higher harmonics but the scattering from these was n6fne wave vector on orderingy, is 0.279, which is very simi-
observable in the experiments. lar to that found for pure Ho. On cooling the sample, the
The identification of the tilted helix and the cycloid was \ave vector decreases steadily as shown in Fig. 2 and the
therefore performed by using symmetry arguments and thgehavior resembles that of a pure Ho film. Bel@yc,=20
results of the Landau theory described in Sec. IV. The ex-1 K the wave vector has the commensurate value of 0.200
periments show that the temperature dependence of the iand the alloy has a conical structure. The cone opening angle
tensities is continuous except for some of the transitions tgs 90° at T, and decreases smoothly on cooling to 75
the conical phase. Since the symmetry group of the tilted-2° at 12 K. This suggests that the transition from the he-
helix is a subgroup of the symmetry group of the basal-plandical to the conical structure is continuous. In the temperature
helix, whereas that of the cycloid is not a subgroup, the tranrange between 45 and 20 K there is perhaps a trace of a
sition from a basal-plane helix to a tilted helix can be con-nonzero(S,(q)) component but this is, at most, 3.5% of the
tinuous while that from a basal-plane helix to a cycloid mustbasal-plane component, and so it is probably not significant.
be of first order. We can therefore identify the phase forlf the structure was a tilted helix the tilt would be at most
which(S,(q)) is small compared t¢S, (q)) as a tilted helix. 2°.
The Landau theory predicts that the continuous transition Higher-order harmonics are observed at low temperatures
between a tilted helix and a cycloid occurs whé&h for the conical structure corresponding to the fifth and sev-
=[{S,(a))|/]{Sx(q))|=1. We have used this result to iden- enth harmonics of the first order wave vector with intensities
tify the transition from the experimental data. A more refinedof 0.9 and 0.3 % of the main magnetic peak, respectively.
theory might give a different critical value d®, but it is  The presence of these higher harmonics confirms the lock-in
unlikely to alter the phase diagram qualitatively. to a commensurate value with(422) structure, where each
Similarly, symmetry considerations indicate that thel or 2 denotes the number of planes with their moments
c-axis longitudinally modulated phase can have a continuoualigned approximately along successive easy axes in the
transition to a cycloid but not to a tilted helix. The sequencebasal plane.
of continuous transitions is then basal-plane helixtilted The decrease in the Metemperature from that of pure
helix~ cycloid— c-axis longitudinally modulated. Ho and the existence of a helical structure are to be expected.



57 MAGNETIC PHASE DIAGRAM OF Ho/Er ALLOYS 8399

More surprising is the occurrence beldw,c, of a conical  square of both the total moment and the basal-plane moment.
phase. The conical phase is suppressed for similar pure Hbhe results, shown in Fig. 5, suggest that most of the mo-
films grown on Y(Ref. 9 and the modulation wave vectqr  ment is ordered in the conical phase. The angle of the cone
=0.20 is different from that of the conical structure of puredecreases steadily on cooling and is 57110° at 20 K,
bulk Ho for whichq=0.167. while the modulation wave vector of the conical phase is
0.230, and decreases with decreasing temperature. Higher-
order satellites were not observed.
C. Results forx=0.65

The experimental results for th#=0.65 sample are
shown in Figs. 2 and 4. The Mktemperature i py=113.5
+0.5 K, with an ordering wave vector of 0.281, and the Magnetic ordering for th&=0.31 sample is observed for
ordered structure is a basal-plane helix. The wave vectoiemperatures belowpy=95+0.5 K, as shown in Fig. 6.
decreases steadily on cooling and belbyt,=35*+1 K the  The wave vector at the onset of helical basal-plane ordering
structure becomes a cone with a cone angle that decreasieg],=0.282, Fig. 2. The-axis components of the magnetic
smoothly with temperature. The wave vector Bjc, is moments order below, =81+ 1 K and increase steadily in
0.233 and decreases on cooling until it locks in to 0.224magnitude, while the basal-plane components remain ap-
+0.002 below 24 1 K. This wave vector is, within error, proximately constant. The structure is probably a tilted helix
£ which corresponds to 6121212 commensurate structure. aboveT;c=65+3 K, at which temperature the basal-plane
Both fifth and seventh harmonics are observed in the scattecomponent of the momeq8, (q)) is 0.97 that of thec-axis
ing at 9 K with intensities of 1.8 and 0.6 % of the primary (S,(q)) moment. On further cooling, the total ordered mo-
scattering. These results are very similar to those ofxthe ment steadily increases while the ratio of thexis to basal-
=0.93 sample, but witfTp decreased andl, ¢, increased. plane momenR increases to 1.27 at 40 K and then decreases
The only qualitative change is that the wave vector locks into 1.10 at 25 K. Since the-axis moment is larger than the
to a commensurate value at a lower temperature than theasal-plane moment, the structure of this phase for the rea-
onset of the conical structure at,c,, whereas for thex ~ sons discussed in Secs. Il C and IV A is probably a cycloid.
=0.93 sample the wave vector was temperature independefhe ratioR decreases towards one on cooling so as to maxi-
throughout the conical phase. mize the total ordered moment on every atomic plane. The
wave vector is constant, within error, at a valuegef0.250
below 35 K. BelowTc,=22+2 K the magnetic structure
changes to a conical structure with a an opening angle con-

For thex=0.57 sample the onset of magnetic order is atstant at 45 1°, and a wave vector for the basal-plane com-
Tpy=109+0.5 K with the moments ordering in the basal ponent of 0.237 which is the same as that of the conical
plane(Fig. 5. The modulation wave vector i,=0.282 at phase of bulk Er. The opening angle of the cone is almost
Tpy and decreases steadily on cooling as shown in Fig. 2ndependent of temperature, and a substantial fraction of
BetweenTpy and approximately 50 K the total moment in- both the cycloidal and conical phases are present between 24
creases smoothly, before reaching a plateau region betweamd 20 K. We have therefore concluded thigt,=22+ 2 K.
50 and 40 K. We note that the plateau region appears tdhe results are consistent with a sharp jump in the wave
coincide with the wave vector passing through the commenvector between these two phases, and so this and the tem-
surate value of|= %, and that in this temperature interval the perature independence of the cone angle suggest that the
basal-plane moments decrease andctiagis moments order transition is of first order. Higher harmonics were not ob-
in a continuous fashion. We identify this as the phase transerved in the scattering from the conical phase for this
sition from the basal-plane to tilted helix. sample.

On cooling below 40 K the surprising result is found that
the total integrated intensity appears to decrease down to 30
K. At the same time the square of teeaxis longitudinally
modulated component is roughly one half of that of the The sample withx=0.13 is magnetically ordered below
square of the basal-plane moment. This indicates that th€p =88=0.5 K and the wave vector at the onset of order is
moments are ordered isotropically in all three crystallo-qo=0.284. The structure is-axis longitudinally modulated
graphic directions. Moreover, in this temperature regime, thend similar to that observed for bulk Er at high temperatures.
widths [full width at half maximum(FWHM)] of the mag- Below T, -=73.6-1.0 K when the wave vector has in-
netic peak at(0 0 2—q) is 0.0154 A" !, compared with creased to 0.285, the basal-plane components order and the
0.0126 A~! outside this interval. This shows that the mag- modulation wave vector decreases. The ratio of ¢raxis
netic order in this temperature region is not long range, butongitudinally modulated component to the basal-plane mo-
has a domain size of about 700 A. We have therefore desnent reduces with decreasing temperature and is constant at
ignated this phase as the disordered phase. This identificatidn24 below 48 K. This cycloid locks in with a wave vector of
is supported by a comparison of our results with those ob0.25 below 27 1 K. Below T¢c,=16.5+ 1.0 K, the scatter-
tained for bulk crystals as discussed in Sec. IV. This phas@ng gives evidence of both a conical structure and a small
has not been found in bulk rare earths, is incommensurate-axis longitudinally modulated component of the ordered
with a wave vector less than 0.25, and is isotropic. moment, as shown in Fig. 7. A consistent explanation of the

Below Tpco=30.0£1.0 K, the structure changes to a results is that the sample has regions of both cycloid and
long-range ordered cone and there is a rapid increase in thanical structures . If we assume that the fraction of the film

E. Results forx=0.31

D. Results for x=0.57

F. Results forx=0.13



8400 R. A. COWLEY et al. 57

with the cycloidal structure is determined by tbexis lon- 3 2

gitudinally modulated component, and that the ratic-@iis a=\z ka' (6)

to basal-plane moments for the cycloid is fixed at 1.24 as

found between 48 and 20 K, then the data suggest that thend

cone opening angle is independent of temperature at 39.5

+0.3°. The proportion of the film with the cycloidal struc- 9 \S(S*+S+1/2)

ture is 0.93 at 18 K, 0.15 at 15 K, and 0.10 below :(_)—kBT- 7
160/ (s+1)®

12 K. Although there is no increase in the width of the
(0 0 2—q) magnetic peak below 20 K, there is an increase i
the width of the(1 0 q) peak to 0.024 A* at 15 K from
0.016 A~! at 25 K. This is consistent with the-axis longi- 1
tudinally modulated component of the scattering arising from TN=§
a thin region of the sample of about 500 A thick. Above 15

K the wave vectors of th€d 0 2-q) and(1 0q) peaks are whereK(q) is the Fourier transform of the exchange con-
the same. Below 15 K they differ and the wave vector of thestant andq is the wave vector at which the transform is a

(1 0q) scattering is consistent with it arising solely from a maximum. The anisotropic terntsandv, which arise from
cycloid with = 3. The wave vector of théd 0 2—-q) peakis  the crystal field and from any anisotropy in the exchange
smaller indicating that the basal-plane ordering of the congnteractions, are the lowest order terms in a power series
has a wave vectay=0.241. We conclude, therefore, that the expansion of these effects. The coefficienis negative for
sample has two distinct magnetic structures below 16 Kgr and positive for Ho and so the average valuedofs

with about 90% of the sample exhibiting a conical structuregypected to pass through zero for Ho/Er alloys. This expres-
similar to that of bulk Er but with a cone angle of 39.5° sjon for the free energy describes the interactions between
instead of 30°, and the remainder of the sample adopting fhe basal planes and the parameters should be calculated by
cycloidal structure with a ratio of the-axis longitudinally  averaging over the different interactions: Ho-Ho, Ho-Er, and
modulated to basal-plane moment of 1.24. Since Er filmsr-Er. This approximation is appropriate because the intra-
grown on Y substrates do not have a conical pilaités  planar exchange constants are strong and for the heavy rare
likely that this sample is very close to the boundary for theearths they align the magnetic moments parallel so that each
onset of the conical phase. Possibly the cycloid occurs in @lane can be treated as having a constant average magnetic
thin layer next to the Y seed where the film is most highlymoment. This approach differs from that developed
strained, while the cone occurs in the less highly straine@arliet>¢in which the Ho and Er magnetic moments order

"The parameteTy, is given by

, ®

S(S+1)K(q)+g

part of the sample away from the seed. independently with their own moment directions and inter-
acting with an average environment which was obtained self-
IV. PHASE DIAGRAM consistently. We have assumed that the strong intra-planar
interactions result in the whole of each basal plane behaving
A. Landau theory as a unit.

In this section, the extent to which the experimental re- The Landau expansion of the free energy, & is given
sults and particularly the phase diagram can be described ty Jensen and MackintoshHowever, it has not been dis-
a Landau theory will be discussed. This approach is expectegHSsed in detail as the parametepasses through zero, and
to be appropriate at temperatures close to the magnetic of® We shall first describe this behavior. df~0, while v
dering temperature. The experimental results suggest that ex:0. there is a transition afp,,=Ty from a paramagnetic
cept at the lowest temperatures, the magnetic ordering of tHehase to a helix withry=oy=oy and ¢x= ¢y*= 7/2. The

ith plane is well described by a simple sinusoidal order paPhase relationship results from the minimization of the sec-
rameter of the form ond term of Eq(5) whenu > 0. The order parameter in the

helix is given by

<S a>: SO'aCOiq : Ri + d)a)v (4) a
o o oﬁ=(@)<TN—T> ©
wherea , is a variable which varies between 0 and 1 depend-
ing on the structure and the temperature &id the aver-
aged magnetic moment. The Landau expansion of the free
energy averaged over each atomic site is then given by a2
Jensen and Mackintoshas F—Fo= _(ﬁ) (Th—T)2 (10

If d<0 andv>—u/3, a transition occurs at a higher tempera-
F-Fo=> a(T-Tyo2+ >, u[2+c0sA b~ bp)lool e v=u ftion occu 9 P
ap

+do?+vo?, (5) d
o Tor=Tn~ (1D
where the first two terms are isotropic and arise largely from

the exchange interactions. They are given approximatelyith o,=o,=0 while =0, and the phase is-axis longi-
by® tudinally modulated with
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L L for v>0 as a function of temperature amtdla. We have

6 I Paramagnetic Phase assumed thai(q) is a constant and thatv=1. The phase
ic-axis 1 diagram is unusual in that it shows a pentacritical point at
M°d“'ated ] T=Ty andd=0 with five different phases coexisting: para-

4F oveloid ] magnetic, helical, tilted helical, cycloidal, andcaaxis lon-

ycloi

gitudinally modulated. This is distinct from the tetracritical

Tited Helix Basal-Plane Helix | points which occur in nearly isotropic three-dimensional sys-

oL ] tems with commensurate order parameters and for systems

1 with competing anisotropies for which the structures are

simple ferromagnets or antiferromagnetsv K0, the tilted

) P B ] helix is unstable and there is a first-order transition between

-10 -05 0 05 10 the cycloid and the helix; while iy <<—3u, higher-order

terms are needed to stabilize th@xis longitudinally modu-

lated structures and the properties depend on the details of
FIG. 8. Schematic phase diagram deduced from Landau theorEPese higher-order te_rms. . .

by assuming that onlgl/a varies with concentration and that the Y€ have not considered the effect of critical fluctuations

other parameters in the theory are temperature and concentrati@! this pentacritical point for two reasons. First, the critical

independent. The structure of the different magnetic phases is indPhenomena of bulk Ho is not yet understéband secondly,

cated in the figure. the mean-field-like behavior of the order parameter in our
results suggests that critical fluctuations may play only a

Temperature Parameter (arb. units)

Concentration Parameter, d/a

a small role in describing the global properties of the phase
o?=|———|(Tp,—T). (12 diagram of Ho/Er alloys. In order to apply these results to
6u+2v . )
Ho/Er alloys, the simplest possible average crystal assump-
The free energy is given by tion is that the parameters vary linearly with the concentra-
) tion from Ho to Er.
F-Fo=—|75——|(TpL.—T)2 (13
12u+4v B. Concentrations

On cooling, this phase becomes unstable against the forma- Most of the physical properties of Ho and Er are very

tion of a cycloid in whicho,=0y, 0,=03, and ¢x=¢,  similar. As discussed in Sec. Il A, the lattice parameters
= /2, where since this approximation to the free energy isdiffer by less than 0.5%, the atomic numbers and hence x-ray
isotropic in the basal plane, the choice of a component in thgorm factors by 1.5% and the nuclear coherent-scattering
x direction is arbitrary. The transition between theaxis  |engths for neutron scattering by 0.6%. The magnetic prop-
longitudinally modulated phase and the cycloid is continuousrties do, however, change considerably with the concentra-

and occurs at a temperature of tion as discussed above, and so it is preferable to use these
properties as a measure of the concentration.
Tie=Ty+ du . (14) One of the most direct measures of the concentration is
a(2u+v) the magnetic ordering temperature, and the results of Sec. llI

together with the Landau theory were used to deduce the
Eoncentrations of the different samples. The theory and the
magnetization measurements of Bozaettal 12 suggest that

pH IS linearly dependent on the concentration between pure
0 and the pentacritical point as predicted by the Landau
theory. Their resulf$ suggest that the transition temperature
(in K) is given by

Detailed expressions can be obtained for the temperature d
pendence ofr; and o;.

The transition between the cycloid and the helix occur
through an intermediate structure with three componets H
= 04, 0y=0,, ando,=o3 With ¢,=¢, or ¢,+ 7. Special
cases of this phase are the cycloid with=0, the basal-
plane helix witho3=0, and the tilted helix. The stability of
the helix againsio; shows that ifv >0, the transition be-
tween the helix and tilted helix is continuous and occurs Tpp=77+56x. (16)

whend=0 at Ty, while if v<<O the transition is of first .
order and occurs fod<2. The boundary between the tilted The measurements of the transition temperature then enable

helix and the cycloid occurs when the cycloid is unstablethe concentrations for.four of the samples to be obtained and
againsto,, which occurs forw >0 when the results are listed in Table Il, where they are compared
with the nominal values. The phase boundary between the
helix and tilted helix is predicted by Landau theory to be
, (15 linear in the concentration and the experimental results sug-
gest thatT=—138.5%+125.33. The intersection between
and o; and o5 of the cycloidal phase are equal B=1 as these two boundaries gives the pentacritical poinT &t91
described in Sec. Il C. +2 K andx=0.25+0.02. The phase boundaries for the on-
Detailed expressions can be obtained for the temperaturget of thec-axis longitudinally modulated phadg, and of
dependence of the free energy and of tHis for all of the  the transition to the cycloid’ ¢ are assumed from Landau
phases. theory to be linear in the concentration between this critical
The phase diagram is illustrated schematically in Fig. 8point and the phase transitions of pure Er, and hence

ud

=Tn+
Tre=Tnt4| 2
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150 T — There are five different magnetic phases which meet at the
I ) pentacritical point and for all of the four ordered phases the
wave vector varies continuously.

Although the phase diagram deduced from the experi-
ments and shown in Fig. 9 is topologically the same as the
one obtained schematically from Landau theory, Fig. 8, there
i are notable differences. First, the transition temperature for
8 the onset of magnetic order steadily decreases with decreas-
] ing x. This is because the exchange interactdjg) varies
with x as well as the anisotropy parameter. The concentra-
. ' . ‘ tion dependence ofp [EQ. (16)] and Ty, [Eq. (18)] can be
0 02 04 06 08 10 described by the model if in units of temperature

Paramagnetic

[ c-axis

100 © Modulated

Temperature (K)

50

Concentration of Ho (x}

d
—=—8+32, (20
FIG. 9. The magnetic phase diagram for Ho/Er alloys. The solid a

lines show the phase boundaries between different magnetic struc-h.I Eq.(8 ts that th h tant. i its of
tures, and the cross @t=91 K andx=0.25 shows the position of while Eq. (8) suggests that the exchange constant, in units o

the pentacritical point. The region enclosed by the lines between thEemperature’ varies as

open triangles is the region over which the disordered phase may
occur as described in the text. K(q)=2.57+1.06. (21

The exchange constants depEhon the de Gennes factors

TLc=53+15%, (17 (g—1)23(3+1) multiplied by the conduction electron sus-
ceptibility x(q) and the interaction between the conduction
electrons and thef4electronsl. Equation(21) suggests that
the peak of x(q) is 1.26+ 0.05 times larger for Er than for
Ho, and occurs at a wave vector of 0.284 instead of 0.280.
The corresponding transition temperatures of the most Er- Mean field analysis of the continuous transition between
rich sample can then be used to deduce its concentration @&e helix and tilted helix shows that it occurs whaa 0. The
0.13+0.02 and the agreement obtained from the two bOUﬂdphase diagram shown in F|g 8 was calculated by assuming
aries provides some support for the methodology. thatd is independent of temperature and depends solely on

Two of the samplesx=0.57 andx=0.93, have concen- the concentration. The experimental points for the phase
trations which are SUbStantia"y different from the nominal boundaryTHT, Fig 9, depend on concentration Showing that
concentrations, Table Il. A comparison can, however, benhe anisotropy constaut varies both with concentration and

: =15 .. .
made with measuremenfs™® for bulk crystals. Tpi; Was  temperature. This is to be expected because the crystal field
measured to be 125 K for a bulk crystal with a nominal generates contributions tbfrom the termsB9, BY, andBY,

concentration of 0.8 and a value of 121 K was obtained for \yhich do not have the same temperature dependeficies.

a powder sample of nominal concentration .8 is there- Furthermore, the temperature dependence of the lattice pa-
fore reasonable that the sample wilB;=128.5 K has a ameters tends to make the ratio of the lattice parameters
concentration of 0.93. Similarlylpy=104 and 10?2 '1(6 have (c/a) larger as the temperature decreases, thereby reducing
been obtained for bulk crystals withnominally 0.5,%*and  tne anisotropy constant.

so our sample withl',;=109.6 K probably has=0.57, If the temperature variation af is assumed to be linear
somewhat higher than the nominal concentration of 0.5. Thgith T, —T in the helical phase, then the equation for the
samples with concentrations of 0.57 and 0.93 were growmhase boundary between the helix and the tilted helix sug-
using the same calibration, and the results are consistent Wilests that Eq(20) should be modified to include the tem-
this calibration being slightly in error, resulting in an Er con- perature dependence dfas

centration which was low.

TPL: 85+ 24x. (18)

d

C. Phase diagram at high temperatures a 8+32=0.164Tpy=T). (22)

The results discussed in Sec. Il and listed in Table Il arey ¢ yarison with the equation for the phase boundary be-
comblned with the !_andau theory described in Sec. IV A ©yveen the tilted helix and the cycloid, EQ.9), then suggests
obtain the phase diagram for the Ho/Er alloys as shown i
Fig. 9. The points show the phase transition temperatures,
deduced from the measurements, and the lines between the
different phases are given by the equationsTey, Ty,
T, c, andTp . The phase boundary between the cycloid and

. S . . When this Landau theory is extended to calculate the
the tilted helix is determined approximately by the pentac- ) L
» . : ) boundary between the-axis longitudinally modulated phase
ritical point and the one experimental point as

and the cycloidal phasg, . the value ofT| ¢ for x=0is 73
K which is much larger than the value for pure Er of 53 K.
T1c=—33x+173.5. (199  This failure of the model may result from the temperature

u/v=23.05£0.3. (23
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TABLE lIl. Temperature dependence of the order parameter near thetélaperature.

X 0.13 0.31 0.57 0.65 0.93

o?(Ty—=T) 0.0113(20) 0.0125(10) 0.0125(10) 0.0129(10) 0.0116(10)

dependencies of the parameters of the free energy of thtae multicritical point occurs wher=0.31 which is in rea-
c-axis longitudinally modulated phase being different fromsonable agreement with our experiments.
those of the helical phase. In conclusion, Landau theory gives a semiquantitative de-

The Landau theory can also be compared with the valuescription of the behavior of Ho/Er alloys close to the onset of
of the order parameter close to the élldemperature. In magnetic ordering. The parameters are within factors of 2 of
Table IlI, the values ofr?/(Tpy—T) are listed and are ap- the values expected from theory and other measurements.
proximately constant throughout the helical phase at 0.012Fhe model successfully describes the helix and tilted helix
+0.0008, which for the model suggests thaéa= 10.1+0.7  but is less satisfactory for the-axis longitudinally modu-
K. In the c-axis longitudinally modulated phase?/(Tp,  lated phase.
—T) is smaller than for the helix which is inconsistent with
Egs.(10) and(13) andv <u. It is, however, consistent with
the behavior ofT| - described above, because the transition
to the cycloid occurs when the order parameter ofdfaxis At low temperatures all of the alloys have a conical phase
longitudinally modulated phase reaches a critical value. Ifin which the wave vector varies with concentration and is
the order parameter increases more slowly than that calcwften locked in to a commensurate value at low tempera-
lated by the model, the phase transition will occur at a lowettures. Figure 11 shows the wave vector and cone angle at
temperature. Figure 10 shows a calculation of the temperasufficiently low temperature and both vary smoothly with
ture dependence of the different components of the magneoncentration and can be extrapolatedxte0 andx=1 to
tization for thex= 0.31 sample using the model describedgive the properties of the conical phases in the bulk. The
above. The parameters wexe-0.68 from Eq(6), u=6.87 K phase boundaries are probably continuous between the heli-
deduced from the average increase of the order parameter @al and the conical phases, and of first order between the
the helix,d/a as given by Eq(22), andv=2.25 K from Eq. tilted helix or cycloid and the cone.
(23). The results are qualitatively similar to the experimental The concentration dependence of the maximum total or-
results in Fig. 6. dered moment and the calculated atomic momgdtis

The values of the parameters for the Landau theory can bghown in Fig. 12. The former were obtained by comparing
compared with other estimates. At the pentacritical point thehe integrated intensity of th@® 0 2—q) scattering with that
expansion of the Brillouin function gives=4.07 K. At  of the(0 0 2 nuclear Bragg peak and correcting for the form
Tpu, the anisotropy parametdrarises from the crystal-field factor and the Lorentz factor. The very reasonable agreement
term Bg, and from the anisotropic dipolar interactimB;g between the theory and experiment, given the uncertainties
has recently been estimated as 0.024 niB¥f. 21) for Ho  of this type of measurement arising from interference from
and —0.027 meV/ for Er, while the anisotropy of the dipolar the seed and capping layers, suggests that the magnetic mo-
interactions is 0.035 meV\(Ref. 19 for both Ho and Er. ments are mostly ordered at low temperatures.
These results givel/a= 34 K for Ho and—15 K for Er. At low temperature the theory differs from that in Sec.
These latter values are somewnhat different from our estilV A because the term in the free energy due to the entropy
mates of 24 and-8 K, respectively, and they suggest that [the u term in Eq.(5)] is small and the free energy becomes

D. Phase diagram at low temperatures

10 e 075 | : e 026

| Cycloid ; Tilted Helix | Baﬁall-planej @ > ]

‘ I elix | 2 i e Wave vector |
o 08 i 060 . o ConeAnge | 004 _
8 @ r ] =2
® 06 . £ 045k $ ] =
@ ® L S
é‘f | § : -_0.22 §
= 04— : : . ~ 030 ©
S o= Basal-plane, 2 P ] >
5 —Eé;ﬁé—plane,:\““jn— \Basal-plang s . 020 =

02 'Modulated i g gy, | I @ 0B '

I ‘Modulated™._ ' © ; l

0 b T N 0 018
60 70 80 90 100 0 02 0.4 06 08 10

Temperature (K)
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FIG. 10. The temperature dependence of the square of the order FIG. 11. The modulation wave vector at low temperatures for
parameters for Hg;.Erq g9 @s calculated by the Landau theory for the basal-plane components in the conical phas® (and the
the basal-plane helical, tilted helical, and cycloidal phases. In thequare of the cosine of the cone angle. The solid line is a straight
cycloidal phase both basal-plane andxis components are equal. line fit to the latter to deduce the parameters of the Landau theory.
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L (6+d)?

o  Observed Total Ordered Moment Eco=—K(q)— I
Calculated Average Value of gJ

B where 6=K(q) —K(0) and co$g=—(5+d)/2v. The phase

o boundary between the cone and the helix is continuous and
% occurs when

=

% o=—d, (26)

c;é’ % 1 while that between the tilted helix and cone is of first order

and occurs when

8 02 04 06 08 10 5:<\@_1)d_ 27)

Concentration of Ho (x)

The jump in the cone angle at the tilted helix-to-cone transi-
FIG. 12. The total ordered magnetic moment as determined extion is given by
perimentally(pointg and the average momegd (solid line) of the

alloys. Note that the zero of the scale is suppressed.

cog = (28)

-d
. NG'R
the same as the energy of the system. For a system with a
sinusoidal variation of the ordered moment with position, theThe phase boundary between the cone and cycloid is of first

energy is given by order and occurs when
1 , 1., 3, 2d 3|7

E=—32 K(@ai(a)+5doi(@)+ guoi(a), (29 o=—d-v| =773 29
where we have neglected the anisotropic terms of sixth anWhile the jump in the cone angle is
higher order in the ordered moment. If the ordered moment 1/ 2d 3\%2
is uniform in space the energy is co§00=§( - —- E) (30)

E= _2 K(0)02(0)+da2(0)+v0(0). (25) These results can be used to construct a schematic phase
P « z z diagram by varying the parametefsd, andv. The param-

. eter & describes the difference between the exchange con-
%'EantK(q) for a modulated structure and that for a ferromag-

. X hetic structureK (0). As thetemperature is lowered the wave
or=1, and the quantum fluctuations are neglected. The INgector decreases, Fig. 2, and the difference betvied)
commensurate phases have the properties andK(q) becomes smaller. Furthermore there are magneto-

(@ Helix: elastic and dipolar contributioftsto K(0) which further de-
_ _ __ crease the difference so that in bulk Ho, for examfl€)) is
ox(@=oy(@=1 Ey K(a). larger tharK(q) even though the exchange part of the inter-
(b) Tilted Helix: action is still a minimum for an incommensurate valugjof
Sinceq increases with the concentration of Er, Fig.&2¢an
ol@)=1, ay(q)=cod), o,(q)=sind, be expected to increase with increasigThe cone angle

varies smoothly with the concentration, Fig. 11, suggesting

2 —2d that boths andd vary linearly withx. The multicritical point
Er=—-K(q)— 60" while sirfo= 3 at which the cone, helix and tilted helix meet occurs when
v v 6=d=0. If it is assumed thad/v varies with both tempera-
() Cycloid: ture and concentration whilé/v varies only with the con-
y ' centration, the experimental results for the cone angle and
d 3v the multicritical point suggest that
ox(Q)=0,(9)=1, Ec=—-K(q)+ E"' ? d
;zl.8ax—0.9)+t (31
The stable phase is a helix @>0, a tilted helix if
—3v/2 <d<0, and a cycloid ifd<—3v/2. and
The experimental results described in Sec. Il show that 5
the most stable phase for all of the alloys at low temperature °o__ _
is a conical phase for which the model gives v 0.48x~-0.63, (32
o) =0,(q)=sinfd, o,(0)=cosh wheret is a scaled temperature. The schematic phase dia-

gram resulting from these assumptions is shown in Fig. 13
and and it has a region of stability for all of the phases observed
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FIG. 13. The phase diagram at low temperatures deduced from FIG. 14. The change of the ordering wave vector from that at
an approximate expression for the energy of the alloys. the onset of ordering, as a function of the square of the ordered
basal-plane moment for four of the alloys. The fifth alloy with
in the experiments. The calculated phase boundary of thg 0-31 gives a more complicated temperature dependence. The
tilted helix has a much larger region of stability than is ob_sol_ld lines are fits to a power law and describe the results satisfac-
served while the cycloid has a smaller region. Better agree®"V-
ment between the theory and the experimental results in Fig.
9 can be obtained by including the higher order crystal-fieldoroportional to the cube of the ordered montértut this
terms, and allowing all of the parameters to vary with bothbehavior is not understood in detail.
temperature and concentration. We shall not describe the re- The Ho/Er alloys have a variety of different magnetic
sults here as the theories involve more parameters which aphases and so it is of interest to study the change in the wave
difficult to calculate. vector for the different phases. First, as found in bulk Er
A commensurate phase is observed witk; over an  (Ref. 1), the wave vector increases slightly on cooling below
appreciable part of the phase diagram, Fig. 9, in both théhe ordering temperature in tfeeaxis longitudinally modu-
cycloidal and tilted helical phases and at temperatures jusated phase. Since the band splitting arises in both the
above the transition to the conical phase. In contrast, if thispin-up and spin-down conduction bands, no large change is
wave vector occurs in either the helical or conical phasesio be expected in the wave vector of the maximum of the
this commensurate phase is stable over only a very narrosusceptibility. Second, there is a marked temperature depen-
temperature interval if at all. This lock-in arises because otlence of Aq with temperature for the helical phases as
the crystal-field anisotropy through ther3(q) term and the  shown in Fig. 14. The results for the samples with0.57,
additional terms of this form which can arise ifj4s a re- 0.65, and 0.93 are described at least approximately by
ciprocal lattice vector. Since this term only contributes to the
energy if there is &-axis longitudinally modulated contribu-
tion to the order parameter, it does not produce any effect on Aq=0.09xXa", (33
the conical or helical phases. At low temperatures the conical
hase has a commensurate modulation of the basal-plan . L
pmoments with the commensurate wave vector varying \?vit Wheren=2.8+0.2. This behavior is similar to that found for

the concentration. These commensurate phases arise from t h_el_lcal pfras_es;hoft I.—:0., Ho/Y, ?nd l—II%LLtJhaIons an? Itis
crystal-field anisotropy within the basal planes and the struc§u:]pg?'t?]ge ?—|noyaltr(]) ms It 1S proportional to, the concentra-

tures are similar to those observed in other studies of thgO g . .
Third, Fig. 14 also shows that the change in the wave

heavy rare earths. vector in the cycloidal phase of the=0.13 sample is a
simple function of the ordered moment in the basal plane. A
fit to the results givesAq=0.15%} with the exponentn

The mean field theories described in the previous sections2.6+0.2. This exponent is similar to that observed in the
do not account for the change in the modulation wave vectohelical phase but the amplitude is very different. The theory
with temperature. At the onset of ordering the wave vector i©f the band splitting for the cycloid is similar to that for the
nearly the same, Fig. 2, for all the alloys as for bulk Ho andhelix if the band structure is isotropic in spin space. The
Er, showing that the conduction electron susceptibilities havebserved difference in the amplitudes suggests that the inter-
maxima at very similar wave vectors. At lower temperaturesactions are not isotropic and that it is necessary to take ac-
the wave vectors differ, and the theory for these changes wamunt of the spin-orbit effects on the band structure. Finally,
developed by Elliott and Wedgwoftwho showed that the the behavior ofg for the sample witrx=0.31 is complex,
magnetic ordering splits the conduction electron energyand we have been unable to find a simple connection with
bands at the Fermi level, and that for a helix the energy is @ither the basal-plane moment or the total moment. Given
minimum if the wave vector decreases as the ordered mdhat the sample has four different magnetic structures this
ment increases. For bulk Ho, Ho/Y, and Ho/Lu alloys, thefailure is unsurprising. Likewise the simple power law for
change in the wave vector beloWy, Aq, is approximately the helix fails for thex=0.57 sample when it enters the tilted

E. Temperature dependence of the ordering wave vector
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helical and disordered phases. We conclude that further workohr* and by Rmnow!® and with magnetic resonant x-ray-
is needed to understand the temperature dependence of theattering techniques by Pengggal® Shirane and Pickart
wave vector. observed the transitions to the helical phas€gt and to the
conical phase for which they obtained values for the modu-
lation wave vector and cone angle that are in agreement with
those reported above. The later experiments also observed
Bozorth et al.™* made magnetization measurements onintermediate phases in agreement with the results shown in
five different Ho/Er bulk alloys and the magnetization whenFig. 5 and described in Sec. lll D. Qualitatively the results
a magnetic field was applied along the different crystallofor the high- and low-temperature ordered phases are the
graphic axes. The results can be compared with our measurgame as those described above for the film wit0.57. The
ments of the temperature for the onset of magnetic of@ar  neutron scattering in the intermediate disordered phase be-
and the temperature of the transition to a conical piag&  tween 47 and 33 K is, however, different. On cooling the
as a function of the concentratlon. In Sec. IV B, we ha"eintensity of the(0 0 2—q) peak increased, while for the thin
used these measurements to obtain our concentrations and, it decreases, and simultaneously for the bulk the inten-
the results are consistent with the concentrations listed i@ity of the(1 0q) peak increased. These results suggest that

Tgble . The measuremenfsof Tyco gnd Tcco 93V oo was a considerable increase in the total ordered mo-
slightly higher temperatures than those listed in Table I ©Sent in this phase with substantially less ordered moment in
pecially when the concentrations were small or close to 1 P y

For example, Bozorttet al. obtained 26 K whernx=0.2, botvr:/the hel.'gal ?g](jt (tf‘r?.m%a.l pr:ases.l . hvsicall
whereas forx=0.31 we obtain 22 K. This difference prob- e consider that this direct conclusion is not physically

ably arises because basal-planes of the thin films are clampéﬁasonable bu_t that the results can be understood if the bulk
as described for thin films of Ho and Er in Sec. I. crystal has a disordered phase similar to that proposed for the

A single crystal with a nominal concentration of 0.9 wasX=0-57 film in Sec. ll1 D. In this case the disordered phase
also studied by Ranow!® The scattering was consistent causes a relief of the extinction in the bulk crystal so that
with the magnetic structure being a basal-plane helix bealthough the ordered moment does not increase the scattering
tween 125 and 24 K and a conical structure at lower temdoes increase. It is well knoWf that extinction strongly
peratures. At 10 K the cone angle was 76.4° and the modueduces the neutron-magnetic scattering in bulk single crys-
lation wave vector =. One advantage of performing tals of Ho and Er and this is another illustration of the diffi-
experiments on bulk samples is that weak higher harmoniceulty of obtaining reliable intensities of strong magnetic re-
can be observed when the intensity is only #®f the stron-  flections from bulk rare-earth crystals. Although the structure
gest reflections, whereas with the thin films the higher harinitially proposed*'® for the intermediate phase of buk
monics must be 2102 of the strong reflections to be =0.5 samples are different from our disordered phase, more
readily observable. Consequently the higher harmonics in theecently Rmnow*® has also proposed that extinction might
x=0.9 bulk sample were studied in detail and careful fits toplay an important role. If our model of this intermediate
the data showed that tlg=+ conical structure had a disor- phase as a disordered phase is correct, it deserves more at-
dered arrangement of the spin slips. The wave vector of thigention. It is completely surrounded in the phase diagram by
phase 0.1944 is smaller than for the conical phase of the thiphases which have long-range order, and occurs in both bulk
film with x=0.93, Table II. crystals and films.

Powder samples witx=0.7 and 0.4 were studied by We have been unable, so far, to measure the phase bound-
Shirane and Pickaff They suggested that the magnetic aries between this phase and the neighboring helix, tilted
structure was a basal-plane helix just below the onset dfielix, and cone; and so the phase diagram is still uncertain in
long-range order and then transformed to a cone at low tenthis area. The phase is not described by a mean field theory
peratures. The modulation wave vector and the cone anglef the structures. The short-range order has an incommensu-
were in good agreement with those found for the conicarate wave vector. The short-range ordered moments are
phase of our thin films. A phase diagram of Ho/Er alloys washearly isotropic. It is therefore an example ofda3, n
first proposed by Millhouse and Koehf&r It differs from =6 system with random anisotropy. At the critical point be-
that shown in Fig. 8 because the nature of the cycloid phasaveen the helix, cone, and tilted helix the average values of
was not then understood or distinguished from the tilted heboth the anisotropy and exchange parametérare zero,
lical phase, while the isotropic disordered phase was not oband so there are local and random fluctuations about zero in
served, and the multicritical point between these phases ariie values of both of these parameters due to the statistical
the paramagnetic phase occurred at somewhat smaller cofiuctuations in the concentration. It is therefore a random
centration. We consider that these differences arise largelgnisotropy system with the further complication of fluctua-
because of the better data and samples now available. Thiens to the conical phase. In systems with competing
phase diagrams reported for Tb/Er allysand Dy/Er anisotropies and simple antiferromagnetic orderimg d
alloys’® are similar in that the nature of the cycloid was not=3 the fluctuation® do not destroy the long-range order.
then known and so the identification of a mixed phase and oRandomness does, however, have a much larger effect on
a tilted helical phase needs to be treated with caution. Weystems with continuous symmetry such as incommensurate
suspect that the Er-rich parts of these phase diagrams asgstems. These have low-energy phase fluctuations which
very similar to those found for Ho/Er, shown in Fig. 9. can couple to the random fluctuations leading to a destruc-

A crystal with x=0.5 has been studied with neutron- tion of long-range order. Clearly further theoretical work is
scattering techniques by Shirane and PickaHoward and needed to understand this aspect of the phase diagram.

F. Comparison with other experiments
|.12
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V. SUMMARY AND CONCLUSIONS tion lines and a first-order line, and another of which is at the
intersection of two first-order lines with a continuous phase

crvstal films of Ho/Er allovs. The samples were arown b ansition line. In Sec. IV C we have shown that a Landau
MéE techniques and areyo'f hiah cr sﬁallo ra hi% ua”tydescription of the behavior close to the onset of long-range

que 9 y graphic qually., qer describes the properties semiquantitatively at least
Neutron-scattering measurements were made to determ'%%ove 40 K. In Sec. IV D we have used an approximation to
the dlfferen_t magnetic structures and seven @fferent Struct'he energy to discuss the low-temperature properties and
tures were identified. Besides the paramagnetic structure, We

; o : ave shown that such a theory has the necessary ingredients
have observed a helical structure similar to that found in bquto account for the observed phases. Progress is dependent on
He, ac-axis longitudinally modulated structure, and a cyc- the development of further theory. First, it is necessary to
loid similar to those found for bulk Er, and at low tempera-

tures we identified a conical structure similar to those founodevelop the statistical mechanics of the pentacritical point
-and of the isotropic disordered phase with-6,d=3, and

'Snugglr‘;;z;?: s%r;ﬁ;rert]hfmﬁ?nhs tgfe tﬁgrgﬁrzor?:;?;r?;gcwre Fandom an_isotropy. Second, there is the need to calculate the
In addition, we have observed two phases which.do nOgoncentratlon and temperature dependence of the parameters
occur in the pﬁre materials. Between the helical and cycloi!n the_Landau theory so_that it prm_ndes an accurate repre-
dal phases there is a tilted. helical phase in which all thre sentation of _the phase diagram. Third, although the average
o odel used in this paper appears to be adequate for describ-

components of the magnetization are ordered and nonzero..

) . . . g most of the properties of the alloys, further work is
s also suggested th'at there is a disordered phase W'f[h on} eeded to justify this type of model. Fourth, there is not an
short-range magnetic order completely surrounded in th

phase diagram, Fig. 9, by phases which, within our resolu’ dequate understanding of the temperature dependence of the

tion, have long-range order. Similar phases have not beemodulatlon wave vector in the alloys or for the pure materi-

observed in other commensurate systems with competing ™
anisotropies.
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