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The magnetic phase diagram of the competing anisotropy system, Ho/Tm, has been determined by neutron-
scattering techniques and the results compared with calculations based on a mean-field model. The crystal-field
interactions in Ho favor alignment of the magnetic moments in the basal plane whereas in Tm they favor
alignment along thec axis. Single-crystal alloys were grown with molecular-beam epitaxy techniques in
Oxford. The components of the magnetic moment alongtthieection and in the basal plane were determined
from the neutron-scattering measurements. Five distinct magnetic phases, with long-range order, were identi-
fied and the magnetic phase diagram, including a pentacritical point, determined. A mean-field model was used
to explain the results and the results are in good agreement with the experimental results.

[. INTRODUCTION Pairs of the basal plane components of the moments tend to
align close to particulaa® directions due to the sixth-order
The rare-earth metals have many different magnetic strucsrystal-field anisotropy. This structure is represented as
tures because of the interplay between the crystal-field an®22 222 where the notation means that there are two layers
exchange interactions. The situation is even more complex ilith their magnetic moments aligned close to succesalve
alloys because the crystal field may favor different directiong®Xes. At low temperatures, the Tm magnetic structure con-
in each of the alloy constituents. As shown by recent experiSists of four moments aligned parallel to thexis, followed
ments with Ho/Er alloy$ there are then many different mag- by three moments aligned in the opposite direction. The
netic phases leading to complex phase diagrams with severéiructure is then represented @8} and its wave vector is
multicritical points. There is also one phase that has onlyd=3C*. The numbers inside the brackets represent the
short-range order and is completely surrounded by phaseé¥dering along the axis and the numbers are the number of
with long-range order and could not be understood within theSuccessive planes aligned in the same direction.
framework of mean-field theory. The experiments reported The development of molecular-beam epitdd4BE) tech-
in this paper are similar experiments for Ho/Tm alloys. Theynique has allowed the growth of materials that are not readily
were undertaken so as to establish whether some of the fe@vailable as single crystals and in the next section, we de-
tures found in the Ho/Er system were particular to the Ho/Escribe the growth of the alloy films. Neutron-scattering ex-
system or were generic to systems with competing directiongeriments were used to determine the magnetic structures as
for the crystal-field interactions. More explicitly, the crystal described in Sec. II. The analysis of the experimental results
field in Ho favors alignment of the magnetic moments in theand the identification of the magnetic structures are de-
basal planes perpendicular to the hexageretis, while for scribed in Sec. lll. The predictions of a mean-field model,
both Er and Tm alignment along the uniquexis is favored. that was used to help in the identification of the magnetic
The difference between Er and Tm is that the crystal field ifhases, as well as compared quantitatively with the results,
much Stronger in Tm than in Er as shown by the magneti@.re reportEd in the Sec. IV. In Sec. V, the theoretical and
structures of the bulk metals. For Er the cycloid and coneéeXperimental results are presented and the magnetic phase
phases have components of the ordered magnetic momersliagram of the alloys deduced. The results are discussed and
in both the basal plane and along thexis? while for Tm  conclusions drawn in Sec. VI.
the moments are always aligned along thexis?

Bulk_Ho orders .magnetically beIoWN~132 K and its Il EXPERIMENTAL PROCEDURE
magnetic structure is a basal-plane helix, that transforms to a
cone phase on cooling beloW.~22K.* In contrast, bulk The Hg Tm; _, alloy samples were grown by MBE using

Tm has ac axis longitudinally modulated magnetic structure the Balzers UMS630 facility at Oxford, following the tech-
below Ty~58 K. For both elements, the modulation wave nique described in Ref. 5. A 100-A buffer layer of Nb was
vector is along the-axis direction and at low temperatures, deposited on the epipolished120) sapphire substrate, in
the structure is commensurate with a long period due to therder to prevent chemical reaction between the rare earths
crystal-field interactions. In the case of Ho the wave vector isand sapphire. A 1000-A seed layer of nonmagnetic Y was
gq=3ic*, and the magnetic structure has a 12 layer perioddeposited prior to the alloy layer. This epitaxial system leads
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(002-9)

to (0001) growth of the hcp rare earths. A series of 1.0
Ho, Tm;_, single-crystal alloys was grown by the co-
deposition of elemental sources at a substrate temperature ¢
~700 K, with compositionsx=0, 0.15, 0.30, 0.42, 0.55, 0.5
0.65, and 0.75. Because both elements have similar melting_,
points and lattice parameters, good single-crystal growth wasié 00
obtained. The thickness of the alloys was 10000 A and they? : : :
were capped to prevent oxidation of the magnetic alloys with 17 18 19 20
150 A of . ; [00g,] (¢*)
The samples were characterized using a rotating anod«=> r : r : r
x-ray source in Oxford. Scans of the wave-vector transferz 0.5 |- (b) (100)
along the[00] and [10/] directions in reciprocal space g Ho,,.Tm,
showed that the alloy films are single crystals and have the T-17K
hcp structure. The mosaic spread at (882 reflection was
between 0.2 and 0.1°, for all the samples.
The magnetic structures were determined by elastic neu 0.0 . > " ' . )
tron diffraction, using the triple axis diffractometer TAS1 at 00 0.1 02 03
Risg National Laboratory. The samples were oriented so tha [10g] (c*)
the[hOl] plane was the scattering plane. The neutrons were !
obtained from a cold source, and a monochromatic beam F|G. 1. The scattered intensity for scans of the wave-vector
with a wavelength of 4.05 A was selected by0®2) Bragg transferq along (a) the [001] and (b) the [101] reciprocal-space
reflection from a pyrolytic graphite monochromator. In orderdirections, aff ~1.7 K, for Ha, .<Tmy »5 The integrated intensities
to suppress contamination by neutrons reflected from highemnd the modulation wave vectorwere determined by fitting the
order reflections, a Be filter, cooled to 77 K, was used. Anreflections with Gaussiarhe lines in the figure The extra scat-
analyzer—also pyrolytic graphite—reduced the backgroundering in the plot(a) is due to the Y seed. There is also a magnetic
and improved the instrumental resolution. For the composicontribution to the(100) reflection, at this temperature.
tionsx=0.75, 0.55, and 0.3, the collimation from reactor to
detector was open/30'/141' and open/6060'/141' for  the contribution of the magnetic scattering to these reflec-
the x=0.65, 0.42, 0.15, and 0 concentrations. The intensityions is given by
of the scattering was corrected for the instrumental resolution
using the method described in Cowley and Bétes. 1(002—q) =F1[{S(@))2+(S,(®))?],
Variable-temperature cryostats, transparent for neutrons,
were used and the temperature was measured with calibrated _ 2 2 2
platinum and carbon sensors. The temperature was stable to |(100)=Fo[0.0KS(@)"+ (S,(@)™+(S(@)],

1t]

b

y (ar

Inten:

(109)

better thant1 K, and the measurements were taken in steps
of 2.5 K, giving a precision of-+1.0 K for the temperatures Im(100) =F4(S,(0))?. @
of the phase transitions.
The factorsF,, F,, andF5 are constants that depend on
the instrumental resolution and the magnetic structure factor.
Ill. DATA ANALYSIS The number, 0.01, arises from the polarization factors. The

) ) ) o factor (S,(q)) is proportional to the spatial average of the
The eXperlmentS and their analyS|S were similar to thos%rdered magnetic moment in thjedirection;

performed for the Ho/Er alloys.Scans of the wave-vector

transferQ along the[ 00 ] and[ 101 ] directions in reciprocal 2

space were performed and the intensities and wave-vector (Sa())2= 2 (gjdqjyexpliq-Ry)| . 2

transfers of th€002), (002—-q), (100), and (1@) reflections ]

were measured, Fig. 1. The magnetic modulation wave vec-

tor q was determined from the difference between the posi- The experimental results were analyzed assuming a ran-

tions of the nuclear and magnetic reflections, and is given ilom orientation of the magnetic domains, so t@f(q))?

c* units. =<Sy(q)>2. The ratio betweeR; andF, was determined by
For all of the samples, the intensity of tf@02) peak did comparing the intensitied (002—q) and 1(10g) when

not change with temperature, indicating that the scattering &tS,(q)) was known to be zero. Th@00 and (1@) reflec-

this position is wholly nuclear in origin. In contrast, tions are close i, so that the magnetic form factor, struc-

temperature-dependent magnetic scattering was observedtete and polarization factors are similar and neglecting these

the other three positions. The (007) reflection is propor- small correctionsF;=2F,. The(S,(q)) values were then

tional to the square of the magnetic moments in the basaxtracted from the three magnetic reflections, Eqg, and

plane. The (1Q) reflection is proportional to the square of using the appropriate averaged magnetic form fdetod the

the magnetic moments in thedirection of the basal plane magnetic structure factors, the quantitiegJ, (q)),

and along thec direction. The magnetic component of the (gJ,(q)), and(gJ,(0)) were determined. The constamis

(100) reflection is proportional to a ferromagnetic componentthe Lande factor and (gJ, (q))?=(gJ,(a))*+(gJy(q))?,

along thec axis. Choosing the direction to be parallel ta,  which describes the component of the average magnetic mo-
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ment in the basal plane. The terfgJ,(q)) and{gJ,(0)) TABLE I. The crystal-field parameters used in the mean-field
describe the magnetic modulation and the ferromagnetic mgsalculations in units of meV.
ment along thec direction.

The magnetic phases were identified from the component8!” B2 B3 B3 B3
of the magnetic moment as follows: 7 6
. . Ho 0.024 0.0 —9.56x 10 9.21X10
(i) For a cone phas€gJ, (q)) and{gJ,(0))#0, while ™ 0.096 00 —92%10°¢ 8.86¢10°°
(93,(q))=0.
(i) For a basal plane helix(gJ (q))#0, while
(93,0))=(gd,(q))=0. since the modulation in this system is always along ¢he
(iii) For ac axis longitudinally modulated,gJ,(q))#0,  direction it can be written in terms of the interplanar con-
while (gJ,(0))=(gJ, (q))=0. stants.7,, as may be seen from E¢):

(iv) For a tilted helix and a cycloid{gJ, (q)) and

J #0, while (gJ,(0))=0.
9 ItZ(ig)ianossibIe fﬁgn?(odi measurements to distinguish un- J(Q):~70+221 Jncognqd2). ®)
ambiguously between a tilted helix and a cycloid phase and "
hence to identify the transition between them. The tilted he- The isotropic part of the dipole-dipole interaction is in-
lix has different components for the ordered moments along|yded in the effective exchange interaction leaving only the
each of thex, y, andz directions, while the cycloid has com- ¢¢ component in the third term. The classical contribution

ponents only along and a specific direction in the basal yanishes aj=0, and for nonzerg it may be written as
plane. However, the intensity observed is an average over all

the magnetic domains, and the scattering over a random disgp(q) = — J44 0.919+ 0.0816 coéqc/2) — 0.0006 coéqgc) |
tribution of magnetic domains for a cycloid is indistinguish- (6)
able from that of a tilted helix as both haygJ, (q)) and _ _

(9J3,(q)) nonzero. An average mean-field theory including  The coupling constanfyq is 0.0349 and 0.0305 meV, for
only the leading crystal-field terrsuggests that the transi- Tm and Ho, respectively-* The only crystal-field terms al-

tion occurs when lowed for the hcp structure have=2,4,6 andm=0 andl
=m=6. The Heisenberg exchange and the dipolar coupling
R=(gJ,(q))/{gJ,(q))=1. (3) are both two-ion interactions. For the calculations, both

) ) ] terms were simplified using the mean-field approximation
However, the theory described in the next section has beefFA) 2 in which the fluctuations of the moments are ne-

used to calculate the value B with a more general model glected, and the Heisenberg exchange term for the ion at the
for which the transition occurs at larger valuesRfusually  jth site is given by

between 2 and 3, due to the modifications of the angular

variation of the anisotropy energy introduced by the crystal- ) 1 3
field terms of higher rank. Hex(1)=| Ji = 5(J) 2 (). (7)
IV. THEORETICAL MODEL The term under the summation is the mean field at the

site, and3(J;) is a correction to avoid double counting. The
agnetic structure is found by an iterative numerical proce-
ure, which consists of choosing an initial distribution of
oments(J;), and diagonalizing the MF Hamiltonian for
S each site. The partition function and free energy are calcu-
lated as well as new set ¢3;) and the process repeated until
1 self-consistency is achieved.
2 2 BMO™M(i) — _E JGi)3;-3; The crystal-field parameters and the coupling parameters
ioIm 2 7] used in the present calculations are given in Tables | and I,
respectively. The parameters for Tm are those obtained by
> To(ii)dede; (4)  McEwenetal” In the case of Hd? the temperature depen-
i dence of the exchange parameters is simplified by using the
parameters in Table Il for most of the phase diagram. The
The J(ij) are the exchange constants &ft,O" are the  trigonal coupling, which only contributes with a very small
crystal-field parameters and the Stevens operators, respeerm to the free energy, is neglected. In the alloy system
tively, while the 7p(ij) arise from the dipole-dipole interac- Ho,Tm,_,, the magnetic structures are calculated using the
tion. The Fourier transform of the coupling i%(q), and virtual crystal approximation, and the exchange coupling

There are three dominant magnetic interactions in th
heavy rare earths: the single ion anisotropy due to the cryst
field, the Heisenberg exchange coupling, and the classic
magnetic dipole-dipole interaction. The Hamiltonian i
writter?

Ho

N| =

TABLE Il. The interplanar exchange coupling coefficients given in units of meV.

In Jo T /) T3 Ta Js Ts

Ho 0.263 0.100 0.010 —0.029 —0.005 0.008 —0.004
™™ 0.098 0.057 —0.022 —0.025 —0.010 —0.002 0.0
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FIG. 2 The wave vectay, givgn in units ofc*. The error bars FIG. 3. The ordered magnetic moments foryHdm, .5 The
were omitted, but the accuracy in the wave vectors B00Z*. open circles are the basal plane moment, the solid circles the modu-

) ) ) lated c-axis moment and the open squares the ferromagoetias
constants between the different kinds of ions are constructegioment. The solid lines are the results of the model.

from a linear interpolation between the constants in pure Ho,
Jnoli]), and pure TmJry(ij), scaled with the appropriate to 3 tilted helix phase. Above a higher temperatiig;
factors =35K, (gJ,(q)) is negligible, and there is a transition from
i) a tilted helix to a basal plane helix. The transition to a para-
Ny _ Ho magnetic phase occurs apy=110K. The wave vectoq
Ja-8(11)=(0a~1)(Ge 1)()((9Ho—l)2 =0.244*, below 20 K, in the cone phase and this corre-
sponds to the basal plane spin-slip structf@@1(211¥].
—2> (8)  Above 20 K, the wave vector increases smoothly with in-
(9rm—1) creasing temperature. The results from the mean-field model
where each of the indicesor B denotes either a Ho ora Tm correctly predict the observed phases and the valuds;pf
ion. andTpy, but a slight modification in the anisotropy param-
eters is necessary to give the transition temperalggg, to
the cone phase.

+(1-x) Jrm(i])

V. MAGNETIC STRUCTURES

Single-crystal thin films of HgTm,; _,, with the nominal B. (x=0.69
compositionsx=0.75, 0.65, 0.55, 0.42, 0.30, 0.15, and O,
were studied and the different magnetic phases identifie
The transition temperatures are labeled dsTigs whereR
and S specify the two phases witR, H, T, C, L, Co corre-
sponding to the paramagnetic, basal-plane helix, tilted heli
cycloid, longitudinally modulated, and cone phases, respe
tively.

The temperature dependence of the modulation wave ve
tor q is shown in Fig. 2. It was obtained from the wave
vectors of the (002 q) and (1@) reflections, and no sig- C. (x=0.59
nificant differences were observed between the two observa- The measuredgJ, (q)) and(gJ,(q)) and the results of
tions, except for the sample witk=0.42, as discussed be- the mean-field calculation are shown in Fig. 4. Between
low. At low temperatures, the wave vector locks into aTy=50K and Tpy=91K, the structure is a basal plane
commensurate value and then on warmipigcreases for the helix. The model accounts for the magnetization curves in
x>0.42, while forx=0.3,q is independent of temperature, the helical and tilted helical phases, but suggés$is dashed
and forx<0.3 q decreases. line) a first-order transition to the cycloid at about 11 K. No

evidence for this transition was found in the experiment.

The sample with the concentratiar= 0.65, has only two

cihagnetically ordered phases. BetweéBs,=99K and Tyt

=45K, the structure is a basal-plane helix and belgyy it

is a tilted helix. The model gives a good description of these
hases. At low temperatures the wave vegter0.256* is

tlose to the commensurable valie and corresponds to the

£(211)22111] spin-slip structure.

A. (x=0.75

The temperature dependence of the magnetic moments, D. (x=0.42
(gJ.(a)), {g3,(q)), and(gJ,(0)), is presented in Fig. 3. At The sample is magnetically ordered beldw,=80K,
the lowest temperaturégJ,(0)) and(gJ, (q)) are nonzero and(gJ, (q)) is nonzero, Fig. 5, so the magnetic structure is
and the structure is a cone with an angle-@&6°. On heating a basal plane helix. As the temperature decreases below
to T1co=20K,(gJ,(q)) becomes nonzero, whilggJ,(0))  Tyr=57.5K {gJ,(q)) becomes nonzero and the structure
is negligible because of a first-order transition from the condbecomes a tilted helix. The mean-field calculations are in
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FIG. 6. The temperature dependence of the wave vectors for the
FIG. 4. The ordered magnetic moments fory 4 my 45 The basal plane and modulategaxis components¢, and q,—given
open circles are the basal plane moment and the solid circles tha c* units, for thex=0.42 concentration.
modulatedc-axis moment. The solid lines are the results of the

model. K, both have the same wave vector, within the experimental

uncertainties ¢, =q,=3/11c*), which corresponds to the
agreement with botfT, and Tpy and give the transition commensurate spin-slif211 121 111 structure. However, at
from a tilted helix to a cycloid at 45 K wheR [see Eq(3)]  T~25K, g, increases abruptly to 11/49, that corresponds
is about 2. The model predicts a kink at the transition and ao a {43(443}} lock-in structure for thec-axis components.
more rapid increase digJ,(q)) in the cycloidal than in the  Above T=45K, both wave vectors increase b is con-
tilted phase. Experimentally, the ordere@xis moment be-  sjstently the larger except possibly above 60 K.
haves more like that obtained by the model when the transi-

tion to the cycloidal phase is suppressglde dashed line E. (x=0.30

obtained by a slightly modified modeindicating that the ' '

most likely possibility is that the structure stays in the tilted Two magnetic phases occur for the concentration

phase at all temperatures beldw . =0.30, in agreement with the mean-field model as illustrated
Unexpectedly, the results show that the basal planecandin the Fig. 7. AboveT c=57.5K, the structure is longitudi-

axis components have different modulation wave vectors apally modulated while below ¢, it is a cycloid. The onset

certain temperatures, Fig. 6. At low temperatures below 2%f magnetic order occurs 8t =66 K, and the mean-field

model predicts correctly the transition temperature. The

y | - T y . - T wave vectorg=0.284c* is close tog=2/7c*, and indepen-
ok H0042Tm058 ® (2 (9) - dent of temperature.
’ ' O (/@) | : , ,
8 10 HO Tm ® (g-]z(‘I)) T
......... 03707 O (gJ (@) |
.............................. =
.................... 2 6 .
4 =]
=
(]
g i
2 2
= oo ]
. O o
0 N L . H i O
0 40 o , . . . .5,
Temperature (K) 0 2 “ 0
Temperature (K)

FIG. 5. The ordered magnetic moments forgld mgsg The
open circles are the basal plane moment and the solid circles the FIG. 7. The ordered magnetic moments forqHgmy 7 The
modulatedc-axis moment. The solid lines are the results of theopen circles are the basal plane moment and the solid circles the
model and the dotted lines of the model when modified to suppressiodulatedc-axis moment. The solid lines are the results of the
the cycloid. model.
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' ' ' ' ' ' ' necessary to account for the first-order transition from the
Ho Tm ) tilted helix to the cone phagéhe modified result is shown by

x 1-x the dashed line on the figyreThe model also accurately
predicts the transition temperatures from a cycloid to a lon-
gitudinally modulated phasel( ) and then to the paramag-
netic phase Tp|). The change of a cycloid to a tilted helix
cannot be observed directly so there is more uncertainty
; about the determination of this phase boundary. This is also
- valid for the theoretical model, as the position of this phase
1 line depends sensitively on the values of the fourth and sixth
7 rank axial anisotropy parameters, which are also the most
] uncertain ones. However, the indications are that the phase
line between the cycloid and the tilted phase is steeper than
‘ . C shown in Fig. 8, as the phase transition does not occur at
0.0 02 0.4 0.6 0.8 1.0 =0.55 and probably also not at=0.42.

For the alloy withx=0.42, the wave vector of the basal
plane componenq, is different from that of thec compo-

FIG. 8. The magnetic phase diagram of the A, _, alloys.  nentq,. The mean-field model was modified to allow for the
The closed circles show the transition temperatures observed ardifferences in the wave vectors. The free energy of these
the lines are the model predictions. The dashed line shows the restructures was then compared with those obtained vehen
calculated with a small modification of the original model to ac- =q,. There were only very small differences, and the am-
count for the cone phase. The open square indicates the transiticp1itudes of the first harmonics of the moments are nearly
temperature to a cone phase as observed in bulk Ho, but not in thequal. A possible reason that the lock-in effect betwgen
pure film and the open circles show the transition to the phase witind q, is weak, may be seen from the relative contributions

140
120 -
100 |

80 -

Basal plane helix

60

Temperature (K)

[ c-Long. mod.
40 -

Cycloid
Tilted helix

20

Ho-concentration (x)

q, different fromq, . of the Tm and the Ho ions to the different componeas
about 5 K:
F. (x=0.1H
The results for the alloy with the concentratians-0.15 (3.(d1)/I)1o=0.85, (I(q,)/I)no=0.66;
are similar to those fox=0.30. There are two magnetic
phases and’| =16.7K andTp =61.5K. The mean-field (J3.(q )/ m=0.14, (JI,(9,)/I)tm=1.26.
model predicts correctly both transition temperatures. At low
temperatures, the wave vectgr= (2/7)c* and corresponds For the Tm ions the basal plane components are small and
to the{43} c-axis spin-slip structure of bulk Tm and on heat- the c-axis component is large, whereas the situation is almost
ing above 40 K decreases. the opposite for the Ho ions. This means that the coupling of
the modulations of the component and of the basal plane
G. (x=0) components is smaller in this mixed system than in a more

uniform one. The structure may therefore be able to take

The pure Tm film gave results similar to those of bulk advantage of a different wave vector for the maximum in
Tm.2 The magnetic structure is longitudinally modulated be-7(q) for the basal plane and thecomponent, by choosing
low the Neel temperatureTp =61.5K, and is correctly pre- two different ordering wave-vectors. Furthermore, this de-
dicted by the mean-field model. The commensurable value afoupling also favors a helical ordering of the basal plane
the wave vectomg=Z%c*, below 30 K, corresponds to the components in comparison with the linear die., the cyc-
{43} structure, and above 30 K decreases. However, the |oid) implying that a type of tilted helix phase is more likely
moment obtained fogJ,(q)) was slightly higher at low to occur than a cycloid.
temperature, than that observed in the bulk or calculated by The wave vector increases with increasing temperature
the model. We are uncertain whether this is due to experifor phases with an ordered moment in the basal plane,

mental error, or a thin-film effect. whereas it decreases for those phases with the longitudinally
modulated structure. This effect is also observed for Ho/Er
V1. DISCUSSION (Ref. 1) alloys and for bulk EF. The temperature dependence

of the wave vector for a helix was explained by Elliot and

Figure 8 illustrates the magnetic phase diagram for thavedgwood'! The magnetic ordering splits the energy bands
Ho,Tm;_,. The lines are the calculated phase boundariesf the conduction electrons at the Fermi level, and that the
and the points are the transition temperatures obtained fronotal energy is a minimum if the wave vector decreases as the
the experiment. The points for=1 correspond to the tran- ordered moment increases.
sition temperatures of bulk Ho, but the cone phase is sup- The change of the wave vector from that at the onset of
pressed in the thin films of Ho similar to those of our the magnetic orderingdq=qpy—q, Wheregpy is the value
alloys>'° As may be seen from the phase diagram, theof q at Tpy, is shown in Fig. 9 as a function of the basal
mean-field model predicts correctly the valuesTeft and  plane ordered moment. The results are described by the
Tpy, for all compositions, and the existence of the pentapower law
critical point atx.=0.325 andT.=67.85K. Forx=0.75, a
slight modification of the anisotropy terms in the model is Ag=xC(gJ)", 9
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- - T 7 cation is the anisotropy indicated by the occurrence of dif-
- ferent ordering wave vectors for tleand the basal plane
components in th&=0.42 alloy. The same kind of anisot-
ropy is detected in th& dependence the ordering wave vec-

0.04

0.03 T tor g. The model predicts a roughly linear variation, but the
- observations are that the wave vector stays nearly constant,
% 0.02 | g=0.283, at the transition between the paramagnet and the
‘S:. helix, i.e., forx largerx., and changes linearly from 0.273 to

0.283 at the transition involving the ordering of theaxis

0.01 4 moments, wherx is changed from O tex,.

0.00 . VII. CONCLUSIONS

4 6 ) 10 The magnetic phase diagram of the,Mio, _, alloys has
(8 (9)) been determined using neutron diffraction. The results are
compared with the predictions of a mean-field model of the
FIG. 9. The change of the ordering wave vectdgE qy—q) alloys. As may be seen from the phase diagram, Fig. 8, the
as a function of the basal plane moment for #7€0.75, 0.65, and theoretical model is in good agreement with the experiment,
0.55 concentrations. predicting the transition temperatures and the values of mag-
netic moments{gJ,(q)) and{gJ, (q)), within the experi-
ental and theoretical uncertainties, for most of the concen-
Tations of the alloys. The results show that the phase
iagram has a pentacritical point and near this concentration,
e modulation wave vector of the basal plane and longitu-
ginally moments differed.

whereC is a constantx the Ho concentration an¢tjJ) the
measured basal plane moment. The lines in the Fig. 9 are fi
to Eq. (6), with n=2.6-0.2 andC=1.8=0.5x 10" °. This
behavior and the value of the exponent are consistent wit
those found for Ho/Er alloys.

The average electron-gas model used for determining th
x dependence of the effective exchange constants(Bg.
predicts correctly the concentrqtion dependenqe of the pha;e ACKNOWLEDGMENTS
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