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We report on magnetic and magnetoelaghitEL) stress measurements applying the magnetic field within
the hexagonal basal plane of thegddm; s and Ha,/ Tm, ¢ superlatticesSL's). To carry out the analysis of the
results obtained for Ho/Tm SL's, we have compared them with the corresponding ones for Ho/Lu SL's. We
have measured the zero-field-cooled dc susceptibility and the magnetization applying the magnetic field up to
12 T along theb axis and between 10 and 120 K. The zero-field-cooled susceptibility shows the coexistence of
holmium and thulium magnetic orders below 58 K. The magnetization at high field shows that the magnetic
moments of holmium ions are fully aligned along the field directiorHor5 T in Ho/Tm SL's, and that at the
maximum field the thermal variation of magnetization of the thulium layers foy/Himg SL behaves very
close to that of the bulk. In the Hg/ Tm;5 SL case, the low-temperature values of the magnetization indicate
a larger in-plane magnetic moment of Tm, as compared to thg/ Ho,g SL. The study of the effective
basal-plane cylindrical symmetry-breaking MEL stress is clearly consistent with the magnetization results. The
Tm layers behavior can be associated with a combination of a mean field, due to the Ho layers, and to a
reduction of the axial anisotropy of Tm, due to the basal-plane cylindrical symmetry-breaking magnetoelastic
strain in Tm blocks.
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I. INTRODUCTION than 2% of the total moment at low temperatures and high
fields, =10 T® However, a magnetic field applied parallel
The magnetic properties of the thulium and holmium ionsto the ¢ axis can break the modulated structure along this
are dominated by their magnetocrystalline anisotropy. Théxis, giving rise to a fully aligned magnetization state,
axial anisotropy of thulium is very strong and much more=2700 emu/crat 0 K, for magnetic fields higher than 2.8
intense than the basal-plane anisotropy of holmfafBulk T
holmium is ordered beloWy=132 K and changes its mag- In the last years, the development of the epitaxial tech-
netic structure from in-plane helix to cone structure belowMdues r]as allowed the growth of rare-eaf®E) superlat-
T.=20 K, having in this last structure a small ferromagnetictices (SL'S). As a part of the systematic studies on the mag-
component along the axis (=10° out of the basal plane ~ Netl¢ properties and MEL stresses in RE STY we have

The magnetoelastiGMEL) stress in the basal-plane of hol- perfo_rmed ac_omparatlvestu_dy of thgse prqpertles In some
. e . holmium-thulium and holmium-lutetium SL's. In both kinds

mium hcp structureB”“=+0.3 GPa at 0 K, is not very ) . : :
of SL's, the magnetic structures of holmium and thulium lay-

strong compared with other rare-earth metals like Dy and Tbers are simila(not the samkto those of the bulk holmium

however, it is enough to reduce the magnetocrystalline aN3nd thulium metald23 In holmium-lutetium SL’s, the zero-

isotropy energy and then favors the competition between thge|y strctures of holmium are clearly coherent through sev-
anisotropy, exchange, and the Zeeman energies. Due t0 thafg| pilayers2 On the other hand, in holmium-thulium SL's
the magnetic structures of holmium become very compléXpe zero-field magnetic structures in holmium and thulium
when a magnetic field is applied along the basal plane: dispyers show a degree of coherence across the bilayer lower
torted helix, helifan, fan, and ferromagnetic structut€sn  than that in the holmium-lutetium ca&&But, in both cases,
these phases, the field necessary to obtain a completely sath applied magnetic field should reduce the coherence of the
rated magnetizatiors 3050 emu/crhat 0 K, is inferiorto 5 magnetic structures, as it was observed in holmium-yttrium
T for T<Ty.>"° On the contrary, the bulk thulium has its SL's.23

magnetic structure longitudinally modulated along theexis In this paper, we report on the study of several magnetic
below Ty=58 K, where the magnetic moments, first, or- and MEL properties, which occur when a magnetic field is
der in a sinusoidal structure of wave vector 0.€72nd then  applied along the basal plane in the holmium-thulium and the
form belowT =30 K a square modulated antiphase struc-holmium-lutetium SL's. We have chosen holmium-thulium
ture of 4-3 type, of larger wave vector 2/7.12 Its strong  SL's to study the effect of competing anisotropies in the
axial anisotropy hardly allows the magnetic moments to benagnetic and MEL behavior of layered structures. In previ-
tilted out of thec axis when a magnetic field is applied per- ous works, we have studied the holmium-lutetium St
pendicularly within the basal plane. This deviation is lesshere we shall present additional results on those SL’s, taking
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them as a well-known reference to analyze the holmium<cell, the sample is clamped along andirection, which can
thulium systemgin both cases, the holmium blocks are un- be parallel to either of its edges, and the metallic part of the
der compressive stress by the Tm or Lu layetie analysis sample acts as one side of the capacitor. The other electrode
of the magnetization curves will allow us to proposeis a copper deposit sputtered onto a plate of fused quartz,
magnetic-phase diagrani®PD) for the studied SL's. The which guarantees a good behavior under thermal cycling.
magnetic phases were identified by comparing our result¥he sapphire substrate was thinned down-tb50 xm to
with the measurements that have been obtained by using thiecrease the sensitivity of the method. Under the MEL
neutron-diffraction technique for bulk holmium and stresses developed in the SL, the substrate is bent, and this
thulium=* and for Ho/Lu and Ho/Tm SL'$?!% In the bending produces capacitance changes, which we measure
holmium-thulium SL's case, the magnetization could alsowith a capacitance bridge Andeen-Hagerling model 2500 A,
give valuable information about the magnetic interaction ex-with a nominal sensitivity of 0.5 aF. The capacitive cell was
isting between the holmium and thulium layers. Moreover,placed in a helium continuous flow cryostat mounted inside
due to the single-ion character of the MEL coupling associ-of a superconducting cryomagnet, which allows us to mea-
ated with the basal-plane cylindrical symmetry breakihly,  sure at temperatures between 1.7 and 300 K. The magnetic
the MEL stress measurements presented in this work coulfield is applied along 8 direction, which, in our case, will
help us to investigate the competition between the anisotrdse held parallel to the axis, 12 T being the maximum field
pies of holmium and thulium ions, mediated by the interlayerapplied. Each isotherm was obtained after demagnetizing the
Ho/Tm exchange coupling. samples by heating up first above theeNemperature of Ho
blocks and then cooling down to the desired temperature.
Assuming a small deflection, it can be shdwhthat the

ll. SUPERLATTICES AND MAGNETIC AND cantilever deflection produces a capacitance variation,

MAGNETOELASTIC MEASUREMENTS

2 2
The SL's studied in this work have been grown by AC Z_CO(B,a)L(ﬁ,a) i (2.1)
molecular-beam epitaxy in the LaMBE facility at the Clar- (B.@) 6e0A(sa) Ra’ '
endon LaboratoryOxford). The growth process was similar
to that described by Wardt al® The substrate is a single

crystal of s.apphwe, upon which is depos_lted a thin fIImtively, gg Is the vacuum dielectric constant, andRl/is the
(buffer) of niobium. This prevents the reaction of rare-earth . .
curvature of the plate. As an example, if we consider the

elements, which are highly reactive with the substrate. ical values of L. ~8 mm. A . ~~48 mn. and
seed of yttrium was used, which has a similar hep structure?P (Bra) == 170 PHB ) e
0(.a)=3-34 PF, then the minimum-capacitance variation

to the Ho/Lu and Ho/Tm SL’s. After growing the SL struc- P8 ;
ture, a cap of yttrium was used to isolate the rare-earth Iayelfcs)%(;rou?]';) fé) r:ﬁsponds to a curvature radius of the piyje

from the air. During the growth process the substrate tem-

perature and the deposition rates were chosen to allow the

samples to be grown epitaxially with the desired structure. Il EXPERIMENTAL RESULTS

The SL structure was investigateusitu by reflection high- A. ZFC susceptibility and magnetization measurements

energy electron diffraction anex situby x-ray diffraction. o ,

The crystalline-coherence length of the SLUs studied is about 1h€ magnetization of SL's has been measured with the

2000 A. Their mosaic spread is typically 0.4°, and the averMagnetic field applied along the hexagonal basal plaop)

age interdiffusion at the interfaces is estimated from x-rayPf the SL structure. In Figs.(&)-1(d) we plot the zero-field-

diffraction as two atomic plané€:X” Nominally the samples cooled susceptibilitfZFC), which has been measured ?t 5

were Hg/Tmyg and Ha,/Tmyg, Where the subscripts refer X 1072 T, applying the magnetic field along theaxis, (b

to the number of atomic planes of each element within the=[010] direction, for both Ho/Lu and Ho/Tm SLs. In the

bilayer repeat, which was 60 times. The low-field susceptiHo/Lu SL's[see Figs. (@) and Xb)] the Neel temperaturd

bility measurements, zero-field coole@FC), were per- is =130 K for Hoyp/Lu;5 and=115 K for Ho;/Lu,5, and

formed by using a superconducting quantum interference deselow this ordering temperature the ZFC susceptibility in-

vice magnetometer with the magnetic field applied along thereases when the temperature decreases. This increment is

b-axis direction, in order to probe the magnetic phases existnonotonous reaching a maximum=aB0 K for Hoyp/Lu;5

ing at nearly zero field. The measurements of magnetizatioand =53 K for Hog/Lu,5. Afterward, due to the diamag-

at high field were done with a vibrating-sample magnetomenetic effect of the superconducting niobium buffer the sus-

ter (VSM) magnetometer, applying also the magnetic fieldceptibility quickly decreases to negative values, especially

parallel to the basal plané (axis), for temperatures between below Tgc=10 K, which is the niobium superconducting

10 and 110 Kand up to 12 T. temperature. For the Ho/Tm SL's, the &ldemperatures of
The MEL-stress measurements were carried out by usingolmium and thulium layers can be obsenssparatelysee

a capacitive cantilever technique. The measurement procegsys. 1c) and Xd)]. For the Hay/Tmyg SL, the Neel tem-

was similar to the one described by Ciret al”** The perature of holmium layers is 130 K, slightly smaller than

samples have a rectangular shape, with the edges parallel toe bulk’s value, whereas for the gloim;g SL is =105 K,

the b axis anda axis, respectively, having a typical size of which is quite far from the bulk holmium ori¢he reduction

=6x=8 mn¥. In our experimental setup of the capacitive of Ty(Ho) correlates with the “dilution” of the systensin

whereCy,, g is the initial capacitance at zero field; ,
andL s . are the area and the length of the plate, respec-
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field is above=0.5 T (notice thatM values of Fig. 2 are
written in emu per cubic centimeter of the SL volunsand
the temperature is=10 K. These values indicate that the
low-temperature magnetization isotherms are very close to
the total expected saturation, using thalk values, i.e.,
=1000 emu/crh for Hog/Lu;s and =2050 emu/crh for
Hogo/Lu,5. Opposite to what happens with the Ho/Lu SL’s,
the magnetization isotherms of the Ho/Tm SL's ac satu-
rated at all, although the magnetization curves of the Tm-rich
Hog/Tm;g seem to be more saturated than in the Ho-rich
case, Hgy/ Tm,g[see Figs. &) and 2d)]. The magnetization
curves get values close t91100 emu/crh for Hog/Tmyg
and =2500 emu/cri for Hogy/ Tmyg for low temperatures
o . ™ T and at the maximum field applied. In this case, the magneti-
0 40 80 120 0O 40 80 120 zation values ardar from the total saturation, because the
Temperature (K) total magnetization expected at a full saturation regimen and
_ . low temperatures is around 2800 emufcfor Hog/Tmyg
Hoplllij L (;e;%-ﬂ?:_du-coo(l(e;)dH((i)c /iﬁcep;r:’(;"(% f'to 5 /;nnr fgﬁ)_ and=2950 emu/crfor Hozy/Tmyg, by using the bulk val-

8 15 S07=AS, AWl T T8l 16 ) 0716 ues. The magnetization reduction for Jd@m;s SL is quite
perlattices. The arrows indicate the magnetic transition temperar-emarkable
tures of holmium and thulium layers. The dotted lines separate the ’
different magnetic phases f@a) Hog/Lu;5 and(c) Hog/Tmyg (no-
tice the shift between the dotted linesThe inset plots for(b) B. Magnetoelastic stress measurements
Hogo/ Tmyg and (d) Hogo/ Tmyg indicate more accurately the”sle
temperatures of holmium blocks at the ZFC susceptibility.

OdZX

Xz

1. Experimental results

We shall define the MEL stress(3,a) as the one asso-
the Hoy/Tmyg [Fig. 1(d)] there exists a small inflection ciated with the b?ndlng of the bimorph “superlattice-
around 90 K, which is followed by a flat region down to 60 S&PPhire substrate,” when the magnetic field is applied along
K, where the susceptibility hardly changes. However, in thdh€ 8 direction and the clamping of the samples is along the
Hog/Tmy4 case, the ZFC susceptibility suffers an importante direction. In our casef is b=[010] and a can beb
decrease belowWy(Ho) [see Fig. {0)], which changes dras- =[010] or a=[100]; a andb are directions within the grow-
tically in its slope for temperatures below 58 K. ing plane of the samples. The MEL stress produces a curva-

In Figs. 2a)—2(d), we show magnetization isotherms be- ture of the plate, R, , in the plane perpendicular i®. The
tween 10 and 120 K and at a maximum applied field of 12 Tcurvature is related to the capacitive variatioh€ 4 ),
In the Ho/Lu SLs[see Figs. @) and 2b)] the magnetization measured with our cantilever capacitive technique, through
M curves are similar at low temperatures for both samplesgq. (2.1). In the next section, we shall establish the relation
being saturated at=950 emu/cm for Hog/Lujs and  between the curvature of the plate and the MEL stress
=2000 emu/crifor Hogy/Lu, 5, when the applied magnetic o(B,a). But for now, we shall briefly make some comments
about the MEL stress isotherms. Thé€g,«) isotherms are
o 12000 plotted in Figs. 3 and 4, for temperatures between 10 and 120
N K and applied magnetic field up to 12(femperatures below
ok {1500 or close to 10 K were avoided because of the proximity of
the diamagnetic behavior of the superconducting niobium
buffer). In Figs. 3 and 4 we show the([010],[ 010]) and
o([010],[ 100]) MEL stress isotherms for Ho/Lu and Ho/Tm
S SL's, respectively. The MEL stress isotherms for Ho/Lu SL's
- 3 are quite similar in their shape to the magnetization ones,
X g reaching a saturation regime at relatively small magnetic
0k 11800 8 fields, H>0.5 T, and becoming more saturated when de-
creasing the temperature.
In Figs. 4a)—4(d) are presented the MEL stress isotherms
600 for the Ho/Tm SL’s. Their field dependencies are quite com-
(@ plex. They also are, in general, fully different with respect to
. - & those in Ho/Lu SLs, especially for the([ 010],[ 010]) MEL
Applied Magnetic Field (T) stresses. The([010],[100]) MEL stresses for Hg/Tm;g
FIG. 2. Magnetization isotherm! for (a) Hog/Luss, (b) are, to some extent, similar in shape to the corresponding
Hoso/Luss, (C) Hog/Tmyg, (d) Hose/ Tmyg superlattices. The mag- ones of Hgy/Lu,s [see Fig. &)], although their values are
netization units (emu/c® were obtained by estimating the total smaller, and show a strong change in their field variation for
volume of the superlattice. temperatures below(Tm)=58 K [see Fig. 4b)]. These

1000

500
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FIG. 3. Magnetoelastic stress isotherms paral{a): and (c)
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and for(c) and(d) Hosy/Lu;5 superlattices.
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eveL+el(i) (i=A,B), are written taking into account the
hexagonal symmetry of the rare-earth lay¥rand for sim-
plicity restricting only to the relevante]= (e~ €,y)/2
strain, breaking the basal-plane cylindrical symmetry,

5B ()€l (i) ax(i) —aj(i)]

emeL+el(i)=

1
+§C7(i)61/(i)2+--~. (3.9

In Eq. (3.1), a(i) anda,(i) are the direction cosines of
the magnetizatiory (i), for thei layers;B”2(i) is the CSB
MEL stress, which gives rise to the]=(e.— €,,)/2 mag-
netostrictive strain and?(i) is the y-mode symmetry elastic
stiffness constant.

After the minimization(imposing the boundary conditions
for the plate bendingof the total energye,; contributed by
the elastic energy of the substfté plus the elastic and
MEL energies of the whole SL, we get the equilibrium cur-
vature radius as a function of the MEL stress of itayers.

inflections in the field dependence are clearly related to theﬁ1 this procedure, we have assumed that the clamping of our
appearance of magnetic order in the thulium layers along thg,; samples imposes that the curvature is only important in a

easyc axis atTy(Tm)=58 K. plane, which is perpendicular to the clamping line. We also

2. Basal-plane cylindrical symmetry breaking (CSB)
magnetoelastic stress

We have used the theory of pure bending of pf&tés
correlate the MEL stress in the plad€ 38, «) with its curva-
ture 1R, in the way we have done in our previous MEL
studies of HCP rare-earth SI8s! In the following, the no-
tation of the SL samples [sAtA/BtB]N, wheret, andtg are

the thickness of the A” and “ B” layers, respectivelyN is
the number of bilayers and=Ho andB=Lu or Tm. We

have assumed that, in a first-order approximation, the sym-
metry MEL energy density for our rare-earth SL is quadratic

in the spin components and linear in the strains. Then, th
MEL plus elastic free-energy densities for th@ndB layers,
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o | 002
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FIG. 4. Magnetoelastic stress isotherms paral(a): and (c)
o([010],[010Q]), and perpendiculagb) and(d) «([010],[ 100]), to
the [010] direction applied magnetic field(a) and (b) for
Hog /Tmyg, and(c) and(d) for Hosy/ Tm, g superlattices.

assume that, under an applied magnetic field aldfng
=[010], the magnetic moments of the holmium layer is
aligned alond010], and for the thulium layer, the magnetic
moments are tilted out of tha|[ 001] direction, following a
certain angle distributiory, which isz dependent. Then, we
can get the following equilibrium equations:

JErou(H[[010]) 2
$=§a([010],[0101)

E
|

1
+[>’2(Tm)) ~o,

tho

+ ———| =B”?(Ho) By(Ho
tot tm (Ho)B;(Ho)

e

trm

+ ———| zBYA(Tm)(sir?
o (Tm)(sin"y)

6

(3.2

JE ot H||[010 2
$:§g([0101,[100])
y

(l

6

(1

6

tho
- BV'Z(HO)—B (Ho)
tHo+ trm !
trm

— m BV'Z(Tm)(sinZ)/}

—B,(Tm) | =0, (3.3

where(- - -) is a volume average over the angular distribu-
tion y(z) of Tm moments out of the axis. Theo(B,«)
MEL stresses in Eq€3.2) and (3.3 are given by
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o([010],[010]) = = hus  (Cxx (3.9 T (a) A (b)
, 6 N(thottrm) | Re /' . T £ 1
= V]
] = Ho:Fan
1 hgubs ny) 3 4 3L | = Tm: E
_ = =Yy . = < m:Para
o([020[100) = g5 R @9 € Fan HE
where we have choser:axis||[ 100] andy axis ||[010]. In e Tl e ‘.
Egs. (3.1) and (3.2, B;(Ho) and B,(Tm) are a complex & [ Feno- 12 'g i P
combination of the elastic constants and volume and tetrag%’ = 2
onal MEL stress contributions of the Ho and Tm layers, re- £ *
spectively, and they should appear in E8.1).* hg,,cand £+ Fod HoHelix
Cj; are the thickness and quantities related to the compliance | o Helix - = | TmPara
constant®’ of the substrate, respectively. I . :/.,.{,Ea g
The subtraction of Eq(3.2 from Eq. (3.3 allows the L . //, SEL G
obtainment of the following relation: %0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Temperature (K} Temperature (K)

toB”'2(HO) + t1B”2(Tm)(sir?
[t41oB™(HO) F trmB ™ X(TM)(SirTy)] FIG. 5. Magnetic phase diagram fgg) Hoso/Lu;s and (b)

thottrm Hoso/ Tmy g superlattices. The magnetic phases shown in(alctre
_ _ associated with the magnetic structures in holmium layers only,
2[([010],[010)) ~ o([010],[ 10Q])]. (3.6 (@) represents the transition boundary between the helix or fan

Notice that Eq.(3.6) becomes the one used for RE SLs phases to a ferromagnet in holmium layell)(is associated with
when the spacer layers are nonmagnetic, Be-Y or Lu 8,11 the transition boundary between the helix to fan phases in holmium
and therefore Eq3.6) generalizes to the r}lag;\etic/mz,ignetic layers as well. A) shows the transition boundary observed at low
SLs. We should stress that in the obtainment of &) we field using the ZFC susceptibility results. The dotted lines separate

h d that th tostricti ki . . the different magnetic phases, which could not be detected from the
ave assume at the magnetostriction stegiin €xy IS UNI- experimental results and were deduced from the bulk result. APM

form for the bilayer, i.e..e3(Ho)=€3(Tm), as one would anq cpPM, respectively, mean antiphase modulated eactis
expect physically. Therefore we eventually obtain differentmodulated structures of the thulium layers, which are canted from
MEL stresses in the Ho and Tm layers, i.87%(H0)  thec axis. The shade phase is a helix phase in holmium layers.
#B”2(Tm), for the SL equilibrium state. This distinction is

important in order to understand the MEL behavior ofbeen reporteld'3from neutron diffraction at zero field. The
Ho/Tm SL'’s or any others formed by two magnetic layers inmagnetic phases existing at high fielt#s>0.5 T, in Ho/Lu

the bilayer. and Ho/Tm SLs are identified by the comparison of our
experimental results with the corresponding structures for
IV. ANALYSIS AND DISCUSSION OF MAGNETIZATION bulk metals.
AND MEL STRESS MEASUREMENTS The “finite-size” effect, for the ferromagnetism appear-

ance in the thin slabs of Hd,was identified in Hg/Lu,s SL
by neutron diffractiort? and is consistent with our results of
The MPD of Ho/Tm and Ho/Lu SL’s have been obtained ZFC susceptibilityFig. 1(a)]. Below ~53 K in Hog/Lujs,
from ZFC susceptibility, magnetization, and MEL stressthe Ho blocks behave ferromagnetically, and are coupled an-
measurements. The transition fields and temperatures wetiéerromagnetically by the exchange, although this coupling
determined by the changes in the slope and or, steplike varighould depend on the thickness of Lu spacer. However, in the
tions in the isotherm and isofield curves. By crossed tabulaSL of Hog/Tmyg this situation does not exist because the Tm
tion of the transition temperatures at a given magnetic fieldlayers destroy the finite-size efféct.On the other hand,
and the transition fields at a given temperature, we have oldhere is an important reduction in the ZFC susceptibility of
tained theH-T diagrams of the magnetic phases in the SL'sHog/Tmyg, just aboveT(Tm) [see Fig. 1c)], which is not
of Ho/Tm and Ho/Lu, which will be compared. We have observed in Hg/Lu;s. Above Ty(Tm), the Tm layers be-
found an excellent agreement between the transition fieldsave as Curie paramagnets, and the helical structure in the
and temperatures obtained from the magnetization and MELayers of Ho remains coherent through the Tm spatiear
stress isotherms. The low-field transitions were deducedy(Tm), there should exist strong critical fluctuations of the
from the ZFC susceptibility measurements. They are in goodm spin-density wave, which can produce a partial disrup-
correspondence with the magnetic-phase boundaries detdion on the Ho helix structure, reducing the magnetic coher-
mined from the neutron-diffraction experiments in Ho/Lu ence of the Ho structures through the Tm spacers. This ex-
(Ref. 12 and Ho/Tm(Ref. 13 SL's. Figures %) and 5b) plains the above-mentioned reduction of the ZFC
show the phase diagrams for the fgi.u;5 and Hao/Tmyg  susceptibility. In fact, the magnetic-coherence length of the
samples, respectively. The magnetic phases of/Hm;s  helix in the layers of Ho for Hg/Luys is larger than for the
and Hg/Lu;s are similar to the corresponding ones for case of Hg/Tm;¢ SL.***3 Concerning the variation of the
Hoso/Luys and Hagy/Tmyg, although there are differences, Ty(Ho) with regard to the bulk one, and if we assume that
especially at low temperatures and low fields, which havehe Ty(Ho) is only a function of thec axis strain, only a

A. Magnetic phase diagrams
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FIG. 7. Thermal dependence of the ratio between the magneti-
FIG. 6. Thermal variation of the magnetization at the maximumzation of thulium layers in Hg/ Tm,g and Hgy/ Tmyg superlattices
applied field of 12 T along thé axis for (&) Hog/Lu;s and  and the saturation magnetization of holmium layers in the isomor-
Hog/Tmyg and (b) for Hosg/Luys and Hao/Tmys. Notice the  phous Ho/Lu SL’s, at the maximum field of 12 T, applied along the
smaller values for the Ho/Lu SL’s, although they are fully saturatedb axis.
at low temperaturefsee Figs. @) and Zb)].

the Ho/Lu case, but in Tm layers a strong anisotropy exists
variation d 4 K can be explained?'*??whereas reductions along thec axis, so the 12 T magnetic field along thexis
of 15 K in the case of Hg/Lu,s and of 25 K in H@/Tm;s  is not enough to saturate the Tm layers. To ascertain the
are observedsee Figs. (@ and Xc)]. So, the changes of magnetization behavior in Tm layers, we have proceeded to
Tn(HO) must be mainly correlated with the dilution degree subtract the Ho contribution from the total magnetization in
of these systems. both Ho/Tm SL's. We have assumed that in the Ho/Tm SL's
There exist some enhancements of the transition fieldthe Ho magnetization is the same as in the Ho/Lu SL's. The
from helix to ferromagnetic or to fan phases in the interleav-Hog/ Tm;s and Hgy/Tm, g SL's behave very differentlysee
ing holmium layers in the Ho/Lu and Ho/Tm SL’s. In fact, in Fig. 7). Notice that, in the zero temperature limit, for the first
Fig. 5 we may appreciate that the differences of the transitioisL the Tm basal-plane magnetization is less than 10% of the
fields of Ho/Lu and Ho/Tm SL'’s are not larger than 0.5 T. We Ho one, while for the latter, it is nearly half of it. The Tm
argue that the reason for this small enhancement is due to theagnetizationM,, shows a peak at about 58 K for
stability of the helix structure in the Ho layers, against theHog/Tm, s SL, which is precisely the Ne temperature of
applied magnetic-field distortion. The epitaxial strain can beTm layers. Below 58 KM 1, smoothly decreases with tem-
one of the reasons for the enhancement, because &xés  perature. This thermal behavior bf;,, (12 T) is similar to
exchange interaction should be modified by the misfit strainthat observed in bulk Tm, when the magnetic field is applied
On the other side, there exists another possible factor thatlong theb axis® The situation is completely different in
could explain this enhancement. It has been argued that iIHo,/Tm;g SL: M+, (T, 12 T) only shows a shoulder at
Ho/Y SL’s, the enhancement is mainly due to the existencabout 58 K, and increases continuously on decreasing the
of the yttrium spacef® The extraordinary peak calculated in temperature. This increase points to a stronger exchange cou-
the generalized susceptibility of the conduction-band elecpling between the Ho and Tm layers in this SL, which is
trons in yttriunt* can enhance the Ruderman-Kittel-Kasuya-consistent with zero-field neutron-diffraction resufts.
Yosida (RKKY) exchangef —f between holmium ions in The above results indicate that, for {#@m,g, the tilting
holmium-yttrium SL’s. In our case, we could have the sameof the M, out of thec axis comes mainly from the torque
situation, but now the eventual enhancement in the exchanggxerted by the external applied magnetic field, although
coupling is introduced by the thulium spacers, because thsome exchange with the Ho layers exists, while in the
exchange values in Tm bulk are larger than in Ho Bdlk.  Hozo/Tmys SL the stronger contribution to the mean field
acting on the Tm ions supplied by the Ho layers is clearly
o o shown up.
B. High-field magnetization
In Figs. a) and &b) we have represented the thermal
dependence of the magnetization values at the maximum
magnetic field applied, 12 T, for Ho/Lu and Ho/Tm SL’s. We
observe that the magnetization values for Ho/Tm SL's are In this section, we proceed to a comparative analysis of
much larger than the corresponding ones of Ho/Lu SL’s. Inthe MEL behavior within the basal plane for Ho/Tm and
the Ho/Lu case, the values at low temperatures are close tdo/Lu SL's at the maximum field applied of 12 T. In Figs.
the full saturation expected from the bulk values. For Ho/Tm8(a) and 8b), we show the basal-plane CSB effective MEL
SLs, we argue that at high-field only the Ho layers are fully stress values, {2r([010],[010]) —o([010],[100])}, for
saturated along the applied field direction as it happens foHog/Lu;5 and Hg/Tm,g and for Hgy/Lu,5 and Hgo/Tm;g

C. Magnetoelasticity in the basal plane
of Ho/Lu and Ho/Tm SL's
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FIG. 9. Thermal variation of the magnetoelastic stress of thu-
FIG. 8. Thermal variation of the measured magnetoelastic stresfum layers within the basal plane for K6Tm;; (M), and
within the basal plane fofa) Hog/Lu;s (@) and Hg/Tmys (B)  Hoz,/Tmyg (O), at the maximum applied field of 12 T. The dotted
superlattices, an¢b) for Hogo/Lu;5 (@) and Hag/Tmyg (M) Su-  |ine separates the temperature above which the thulium layers show
perlattices, at the maximum field of 12 T applied along Ibhaxis. parastriction.
The continuous line represents only a visual guide. The dotted line
separates the paramagnetic and magnetically ordered phases for

thulium layers. hand,Bg'fzf(Tm) values scale roughly with the square of the

magnetization of Tm ionsM3,,, for temperatures above

SL's against temperature, respectively. At high temperatureSn(Tm), as expectebl“:lS_ln Fig. 9 are represented the MEL
(=100 K), the CSB effective MEL stress for both SL’s have Values of Tm layers, which are negative, as expected for Tm
close values, as is expected because the MEL stress behavigPS: and different from each other, which could indicate the
is dominated by the Ho layers. However, on decreasing thgmstencg of ep|taX|a[ and interfacial contributions, as previ-
temperature, the 2(([010],[010]) — ¢([010],[100])) MEL  ©Us studies showed in other RE SLS.

stress in Ho/Tm SL's deviates from the Ho/Lu values. In
spite of this deviation is larger in Hg/Tmyg than in
Hog/Tm,g, for the latter SL there exists an important quali-
tative difference, which is the sign change of the MEL stress
at around 70 K. We can explain this sign change if we con- We have studied the magnetic and basal-plane magneto-

sider that the MEL stress in the basal plane is of single-iorflastic behavior for Ho/ Tmygand Hao/ Tmyg SL's. We have
crystal electric-field(CEP origin,}*15 and proportional to me_asured the Iow-.f|elt_:i and the high-field magnetization ap-
Stevens factorg;, which are of the same order angposite plying the magnetic field along thbexagonal b axnspe- :
sign for both H3* and Tr?* ions. So, in Hg/Tmys, be- tween 10 and 120 K. The zero-field-cooled magnetization
. : . clearly shows the coexistence of Ho and Tm magnetic order-
cause of its relative volume, the Tm can produce a sign Tm :
change in the CSB MEL stress parameter, whereas in the'd below Ty, althoygh the H,O blocks are _magnetlcglly
Hozo/ Tm, g can only decrease the value of MEL stress espe9rdered be'O.W 1.00 K in both SLs. The analysis of the h'gh'
30 16 : ' field magnetization(at 12 T) shows that the Ho magnetic
cially below Ty (Tm) [see Fig. &)]. _ , moments are fully aligned along the field direction above 5 T
The MEL behavior of the Ho blocks in Ho/Tm SITS €an for poth Ho/Tm SL's, and that the Tm layers behave simi-
be, rg?isonably assumed to be close to that one in HO/LH;trIy to bulk Tm only for Hg/Tmys. For Ho/Tmye, the
SLs." In Sec. IVB, we argued that the magnetization of 5y temperature values of magnetization indicate a larger
Ho layers is fully saturated along the field direction for thetilting of the Tm magnetic moments out of tleeaxis with
high-field regime,H>5 T, however, for the Tm ones it is respect to the bulk one. The analysis of the MEL stress ex-
hardly tilted towards the field, even at 12 T. Now, we keepperiments also indicate that the Tm moments are tilted out
the same assumption for the MEL stress associated with thigom the ¢ axis when a magnetic field is applied within the
Ho layers. So, by using E3.6) and the values displayed in basal plane of the hcp structuf@herwise the values @&?+?
Figs. 8a) and 8b), we have obtained the effective MEL would be nearly the same as for the Ho/Lu $Lihis effect
stresng'fzf(Tm) at 12 T, associated with the CSB in Tm being larger in the case of the kj@Tm,; 5 sample than for the
blocks(see Fig. 9. These results, at low temperatures, seemmHog/Tm; g SL. Nevertheless, experiments in higher magnetic
to be consistent with those obtained from magnetization, i.efields would be necessary to attempt the full saturation of
the Tm ions are more polarized along thelirection in the these competing anisotropy SL’s, and, in this way, to be able
case of Hgy/Tmyg SL than in the Hg/Tm,¢. The origin of  to obtain separately the Tm and Ho MEL stress parameters.
such tilting should be associated to the magnetic couplinghe different tilting of Tm ions in the two studied Ho/Tm
between the Ho and Tm ions through the interface, as th&L's can be due to differences in the mean field originated by
neutron diffraction suggests at zero fiéfdOn the other the Ho layers(strongest in the Hg/Tm;g SL), which can

V. CONCLUSIONS
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