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Competing magnetic anisotropies in the magnetic and magnetoelastic properties
of holmium-thulium superlattices
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We report on magnetic and magnetoelastic~MEL! stress measurements applying the magnetic field within
the hexagonal basal plane of the Ho8 /Tm16 and Ho30/Tm16 superlattices~SL’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 direction forH.5 T in Ho/Tm SL’s, and that at the
maximum field the thermal variation of magnetization of the thulium layers for Ho8 /Tm16 SL behaves very
close to that of the bulk. In the Ho30/Tm16 SL case, the low-temperature values of the magnetization indicate
a larger in-plane magnetic moment of Tm, as compared to the Ho8 /Tm16 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.

DOI: 10.1103/PhysRevB.64.094424 PACS number~s!: 75.70.2i, 75.80.1q
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I. INTRODUCTION

The magnetic properties of the thulium and holmium io
are dominated by their magnetocrystalline anisotropy. T
axial anisotropy of thulium is very strong and much mo
intense than the basal-plane anisotropy of holmium.1–4 Bulk
holmium is ordered belowTN5132 K and changes its mag
netic structure from in-plane helix to cone structure bel
Tc520 K, having in this last structure a small ferromagne
component along thec axis (.10° out of the basal plane!.
The magnetoelastic~MEL! stress in the basal-plane of ho
mium hcp structure,Bg,2>10.3 GPa at 0 K, is not very
strong compared with other rare-earth metals like Dy and
however, it is enough to reduce the magnetocrystalline
isotropy energy and then favors the competition between
anisotropy, exchange, and the Zeeman energies. Due to
the magnetic structures of holmium become very comp
when a magnetic field is applied along the basal plane:
torted helix, helifan, fan, and ferromagnetic structures.3–5 In
these phases, the field necessary to obtain a completely
rated magnetization,.3050 emu/cm3 at 0 K, is inferior to 5
T for T,TN .3–5 On the contrary, the bulk thulium has it
magnetic structure longitudinally modulated along thec axis
below TN558 K,1,2 where the magnetic moments, first, o
der in a sinusoidal structure of wave vector 0.273c* and then
form belowTAF530 K a square modulated antiphase stru
ture of 4-3 type, of larger wave vector 2/7c* .1,2 Its strong
axial anisotropy hardly allows the magnetic moments to
tilted out of thec axis when a magnetic field is applied pe
pendicularly within the basal plane. This deviation is le
0163-1829/2001/64~9!/094424~8!/$20.00 64 0944
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than 2% of the total moment at low temperatures and h
fields, .10 T.6 However, a magnetic field applied parall
to the c axis can break the modulated structure along t
axis, giving rise to a fully aligned magnetization sta
.2700 emu/cm3 at 0 K, for magnetic fields higher than 2.
T.6

In the last years, the development of the epitaxial te
niques has allowed the growth of rare-earth~RE! superlat-
tices ~SL’s!. As a part of the systematic studies on the ma
netic properties and MEL stresses in RE SL’s,7–11 we have
performed acomparativestudy of these properties in som
holmium-thulium and holmium-lutetium SL’s. In both kind
of SL’s, the magnetic structures of holmium and thulium la
ers are similar~not the same! to those of the bulk holmium
and thulium metals.12,13 In holmium-lutetium SL’s, the zero-
field structures of holmium are clearly coherent through s
eral bilayers.12 On the other hand, in holmium-thulium SL’
the zero-field magnetic structures in holmium and thuliu
layers show a degree of coherence across the bilayer lo
than that in the holmium-lutetium case.13 But, in both cases,
an applied magnetic field should reduce the coherence o
magnetic structures, as it was observed in holmium-yttri
SL’s.23

In this paper, we report on the study of several magne
and MEL properties, which occur when a magnetic field
applied along the basal plane in the holmium-thulium and
holmium-lutetium SL’s. We have chosen holmium-thuliu
SL’s to study the effect of competing anisotropies in t
magnetic and MEL behavior of layered structures. In pre
ous works, we have studied the holmium-lutetium SL’s;8–10

here we shall present additional results on those SL’s, tak
©2001 The American Physical Society24-1
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them as a well-known reference to analyze the holmiu
thulium systems~in both cases, the holmium blocks are u
der compressive stress by the Tm or Lu layers!. The analysis
of the magnetization curves will allow us to propo
magnetic-phase diagrams~MPD! for the studied SL’s. The
magnetic phases were identified by comparing our res
with the measurements that have been obtained by using
neutron-diffraction technique for bulk holmium an
thulium,1–4 and for Ho/Lu and Ho/Tm SL’s.12,13 In the
holmium-thulium SL’s case, the magnetization could a
give valuable information about the magnetic interaction
isting between the holmium and thulium layers. Moreov
due to the single-ion character of the MEL coupling asso
ated with the basal-plane cylindrical symmetry breaking,14,15

the MEL stress measurements presented in this work c
help us to investigate the competition between the aniso
pies of holmium and thulium ions, mediated by the interlay
Ho/Tm exchange coupling.

II. SUPERLATTICES AND MAGNETIC AND
MAGNETOELASTIC MEASUREMENTS

The SL’s studied in this work have been grown
molecular-beam epitaxy in the LaMBE facility at the Cla
endon Laboratory~Oxford!. The growth process was simila
to that described by Wardet al.16 The substrate is a singl
crystal of sapphire, upon which is deposited a thin fi
~buffer! of niobium. This prevents the reaction of rare-ea
elements, which are highly reactive with the substrate
seed of yttrium was used, which has a similar hcp struct
to the Ho/Lu and Ho/Tm SL’s. After growing the SL struc
ture, a cap of yttrium was used to isolate the rare-earth la
from the air. During the growth process the substrate te
perature and the deposition rates were chosen to allow
samples to be grown epitaxially with the desired structu
The SL structure was investigatedin situ by reflection high-
energy electron diffraction andex situby x-ray diffraction.
The crystalline-coherence length of the SL’s studied is ab
2000 Å. Their mosaic spread is typically 0.4°, and the av
age interdiffusion at the interfaces is estimated from x-
diffraction as two atomic planes.13,17 Nominally the samples
were Ho8 /Tm16 and Ho30/Tm16, where the subscripts refe
to the number of atomic planes of each element within
bilayer repeat, which was 60 times. The low-field susce
bility measurements, zero-field cooled~ZFC!, were per-
formed by using a superconducting quantum interference
vice magnetometer with the magnetic field applied along
b-axis direction, in order to probe the magnetic phases ex
ing at nearly zero field. The measurements of magnetiza
at high field were done with a vibrating-sample magnetom
ter ~VSM! magnetometer, applying also the magnetic fie
parallel to the basal plane (b axis!, for temperatures betwee
10 and 110 K and up to 12 T.

The MEL-stress measurements were carried out by u
a capacitive cantilever technique. The measurement pro
was similar to the one described by Ciriaet al.7,11 The
samples have a rectangular shape, with the edges paral
the b axis anda axis, respectively, having a typical size
>63>8 mm2. In our experimental setup of the capacitiv
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cell, the sample is clamped along ana direction, which can
be parallel to either of its edges, and the metallic part of
sample acts as one side of the capacitor. The other elect
is a copper deposit sputtered onto a plate of fused qua
which guarantees a good behavior under thermal cycl
The sapphire substrate was thinned down to;150 mm to
increase the sensitivity of the method. Under the M
stresses developed in the SL, the substrate is bent, and
bending produces capacitance changes, which we mea
with a capacitance bridge Andeen-Hagerling model 2500
with a nominal sensitivity of 0.5 aF. The capacitive cell w
placed in a helium continuous flow cryostat mounted ins
of a superconducting cryomagnet, which allows us to m
sure at temperatures between 1.7 and 300 K. The magn
field is applied along ab direction, which, in our case, will
be held parallel to theb axis, 12 T being the maximum field
applied. Each isotherm was obtained after demagnetizing
samples by heating up first above the Ne´el temperature of Ho
blocks and then cooling down to the desired temperatu
Assuming a small deflection, it can be shown7,11 that the
cantilever deflection produces a capacitance variation,

DC(b,a)52
C0(b,a)

2 L (b,a)
2

6«0A(b,a)
•

1

Ra
, ~2.1!

whereC0(a,b) is the initial capacitance at zero field,A(b,a)
and L (b,a) are the area and the length of the plate, resp
tively, «0 is the vacuum dielectric constant, and 1/Ra is the
curvature of the plate. As an example, if we consider
typical values of L (b,a).8 mm, A(b,a).48 mm2, and
C0(b,a)53.34 pF, then the minimum-capacitance variati
(1026 pF) corresponds to a curvature radius of the plateRa
of around 106 m.

III. EXPERIMENTAL RESULTS

A. ZFC susceptibility and magnetization measurements

The magnetization of SL’s has been measured with
magnetic field applied along the hexagonal basal plane~hcp!
of the SL structure. In Figs. 1~a!–1~d! we plot the zero-field-
cooled susceptibility~ZFC!, which has been measured at
31023 T, applying the magnetic field along theb axis, (b¢
5@010# direction!, for both Ho/Lu and Ho/Tm SL’s. In the
Ho/Lu SL’s @see Figs. 1~a! and 1~b!# the Néel temperatureTN
is .130 K for Ho30/Lu15 and.115 K for Ho8 /Lu15, and
below this ordering temperature the ZFC susceptibility
creases when the temperature decreases. This increme
monotonous reaching a maximum at.30 K for Ho30/Lu15
and .53 K for Ho8 /Lu15. Afterward, due to the diamag
netic effect of the superconducting niobium buffer the s
ceptibility quickly decreases to negative values, especi
below TSC>10 K, which is the niobium superconductin
temperature. For the Ho/Tm SL’s, the Ne´el temperatures of
holmium and thulium layers can be observedseparately@see
Figs. 1~c! and 1~d!#. For the Ho30/Tm16 SL, the Néel tem-
perature of holmium layers is.130 K, slightly smaller than
the bulk’s value, whereas for the Ho8 /Tm16 SL is .105 K,
which is quite far from the bulk holmium one@the reduction
of TN(Ho) correlates with the ‘‘dilution’’ of the systems#. In
4-2
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COMPETING MAGNETIC ANISOTROPIES IN THE . . . PHYSICAL REVIEW B 64 094424
the Ho30/Tm16 @Fig. 1~d!# there exists a small inflection
around 90 K, which is followed by a flat region down to 6
K, where the susceptibility hardly changes. However, in
Ho8 /Tm16 case, the ZFC susceptibility suffers an importa
decrease belowTN(Ho) @see Fig. 1~c!#, which changes dras
tically in its slope for temperatures below 58 K.

In Figs. 2~a!–2~d!, we show magnetization isotherms b
tween 10 and 120 K and at a maximum applied field of 12
In the Ho/Lu SL’s@see Figs. 2~a! and 2~b!# the magnetization
M curves are similar at low temperatures for both samp
being saturated at.950 emu/cm3 for Ho8 /Lu15 and
.2000 emu/cm3 for Ho30/Lu15, when the applied magneti

FIG. 1. Zero-field-cooled dc susceptibility at 5 mT for~a!
Ho8 /Lu15, ~b! Ho30/Lu15, ~c! Ho8 /Tm16, and~d! Ho30/Tm16 su-
perlattices. The arrows indicate the magnetic transition temp
tures of holmium and thulium layers. The dotted lines separate
different magnetic phases for~a! Ho8 /Lu15 and~c! Ho8 /Tm16 ~no-
tice the shift between the dotted lines!. The inset plots for~b!
Ho30/Tm16 and ~d! Ho30/Tm16 indicate more accurately the Ne´el
temperatures of holmium blocks at the ZFC susceptibility.

FIG. 2. Magnetization isothermsM for ~a! Ho8 /Lu15, ~b!
Ho30/Lu15, ~c! Ho8 /Tm16, ~d! Ho30/Tm16 superlattices. The mag
netization units (emu/cm3) were obtained by estimating the tot
volume of the superlattice.
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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 volume! and
the temperature is.10 K. These values indicate that th
low-temperature magnetization isotherms are very close
the total expected saturation, using thebulk values, i.e.,
.1000 emu/cm3 for Ho8 /Lu15 and .2050 emu/cm3 for
Ho30/Lu15. Opposite to what happens with the Ho/Lu SL
the magnetization isotherms of the Ho/Tm SL’s arenot satu-
rated at all, although the magnetization curves of the Tm-r
Ho8 /Tm16 seem to be more saturated than in the Ho-r
case, Ho30/Tm16 @see Figs. 2~c! and 2~d!#. The magnetization
curves get values close to.1100 emu/cm3 for Ho8 /Tm16
and .2500 emu/cm3 for Ho30/Tm16 for low temperatures
and at the maximum field applied. In this case, the magn
zation values arefar from the total saturation, because th
total magnetization expected at a full saturation regimen
low temperatures is around 2800 emu/cm3 for Ho8 /Tm16
and.2950 emu/cm3 for Ho30/Tm16, by using the bulk val-
ues. The magnetization reduction for Ho8 /Tm16 SL is quite
remarkable.

B. Magnetoelastic stress measurements

1. Experimental results

We shall define the MEL stresss(b,a) as the one asso
ciated with the bending of the bimorph ‘‘superlattic
sapphire substrate,’’ when the magnetic field is applied alo
theb direction and the clamping of the samples is along
a direction. In our case,b is b¢5@010# and a can beb¢

5@010# or a¢5@100#; a¢ andb¢ are directions within the grow-
ing plane of the samples. The MEL stress produces a cu
ture of the plate, 1/Ra , in the plane perpendicular toa. The
curvature is related to the capacitive variationsDC(b,a) ,
measured with our cantilever capacitive technique, throu
Eq. ~2.1!. In the next section, we shall establish the relati
between the curvature of the plate and the MEL str
s(b,a). But for now, we shall briefly make some commen
about the MEL stress isotherms. Thes(b,a) isotherms are
plotted in Figs. 3 and 4, for temperatures between 10 and
K and applied magnetic field up to 12 T~temperatures below
or close to 10 K were avoided because of the proximity
the diamagnetic behavior of the superconducting niobi
buffer!. In Figs. 3 and 4 we show thes(@010#,@010#) and
s(@010#,@100#) MEL stress isotherms for Ho/Lu and Ho/Tm
SL’s, respectively. The MEL stress isotherms for Ho/Lu SL
are quite similar in their shape to the magnetization on
reaching a saturation regime at relatively small magne
fields, H.0.5 T, and becoming more saturated when d
creasing the temperature.

In Figs. 4~a!–4~d! are presented the MEL stress isotherm
for the Ho/Tm SL’s. Their field dependencies are quite co
plex. They also are, in general, fully different with respect
those in Ho/Lu SL’s, especially for thes(@010#,@010#) MEL
stresses. Thes(@010#,@100#) MEL stresses for Ho30/Tm16
are, to some extent, similar in shape to the correspond
ones of Ho30/Lu15 @see Fig. 3~d!#, although their values are
smaller, and show a strong change in their field variation
temperatures belowTN(Tm).58 K @see Fig. 4~b!#. These

a-
e
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inflections in the field dependence are clearly related to
appearance of magnetic order in the thulium layers along
easyc¢ axis atTN(Tm).58 K.

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

We have used the theory of pure bending of plates18 to
correlate the MEL stress in the plates(b,a) with its curva-
ture 1/Ra in the way we have done in our previous ME
studies of HCP rare-earth SL’s.8,11 In the following, the no-
tation of the SL samples is@AtA

/BtB
#N , wheretA and tB are

the thickness of the ‘‘A’’ and ‘‘ B’’ layers, respectively;N is
the number of bilayers andA5Ho andB5Lu or Tm. We
have assumed that, in a first-order approximation, the s
metry MEL energy density for our rare-earth SL is quadra
in the spin components and linear in the strains. Then,
MEL plus elastic free-energy densities for theA andB layers,

FIG. 3. Magnetoelastic stress isotherms parallel:~a! and ~c!
s(@010#,@010#), and perpendicular:~b! and~d! s(@010#,@100#), to
the@010# direction applied magnetic field for~a! and~b! Ho8 /Lu15,
and for ~c! and ~d! Ho30/Lu15 superlattices.

FIG. 4. Magnetoelastic stress isotherms parallel:~a! and ~c!
s(@010#,@010#), and perpendicular:~b! and~d! s(@010#,@100#), to
the @010# direction applied magnetic field,~a! and ~b! for
Ho8 /Tm16, and~c! and ~d! for Ho30/Tm16 superlattices.
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eMEL1EL( i ) ( i 5A,B), are written taking into account th
hexagonal symmetry of the rare-earth layers,14 and for sim-
plicity restricting only to the relevante1

g5(exx2eyy)/2
strain, breaking the basal-plane cylindrical symmetry,

eMEL1EL~ i !52
1

2
Bg,2~ i !e1

g~ i !@ax
2~ i !2ay

2~ i !#

1
1

2
cg~ i !e1

g~ i !21•••. ~3.1!

In Eq. ~3.1!, ax( i ) anday( i ) are the direction cosines o
the magnetization,M ( i ), for the i layers;Bg,2( i ) is the CSB
MEL stress, which gives rise to thee1

g5(exx2eyy)/2 mag-
netostrictive strain andcg( i ) is theg-mode symmetry elastic
stiffness constant.

After the minimization~imposing the boundary condition
for the plate bending! of the total energyETot contributed by
the elastic energy of the substrate8,11 plus the elastic and
MEL energies of the whole SL, we get the equilibrium cu
vature radius as a function of the MEL stress of thei layers.
In this procedure, we have assumed that the clamping of
flat samples imposes that the curvature is only important
plane, which is perpendicular to the clamping line. We a
assume that, under an applied magnetic field alongb¢
5@010#, the magnetic moments of the holmium layer
aligned along@010#, and for the thulium layer, the magnet
moments are tilted out of thezi@001# direction, following a
certain angle distributiong, which isz dependent. Then, we
can get the following equilibrium equations:

]ETot.~Hi@010# !

]Rx
21

5
2

3
s~@010#,@010# !

1
tHo

tHo1tTm
S 1

6
Bg,2~Ho!B1~Ho! D

1
tTm

tHo1tTm
S 1

6
Bg,2~Tm!^sin2g&

1B2~Tm! D50, ~3.2!

]ETot.~Hi@010# !

]Ry
21

5
2

3
s~@010#,@100# !

2
tHo

tHo1tTm
S 1

6
Bg,2~Ho!2B1~Ho! D

2
tTm

tHo1tTm
S 1

6
Bg,2~Tm!^sin2g&

2B2~Tm! D50, ~3.3!

where^•••& is a volume average over the angular distrib
tion g(z) of Tm moments out of thec axis. Thes(b,a)
MEL stresses in Eqs.~3.2! and ~3.3! are given by
4-4
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s~@010#,@010# !5
1

6

hsubs
2

N~ tHo1tTm! S Cxx

Rx
D , ~3.4!

s~@010#,@100# !5
1

6

hsubs
2

N~ tHo1tTm! S Cyy

Ry
D , ~3.5!

where we have chosen:x axis uu@100# andy axis uu@010#. In
Eqs. ~3.1! and ~3.2!, B1(Ho) and B2(Tm) are a complex
combination of the elastic constants and volume and tet
onal MEL stress contributions of the Ho and Tm layers,
spectively, and they should appear in Eq.~3.1!.11 hsubs and
Ci j are the thickness and quantities related to the complia
constants19 of the substrate, respectively.

The subtraction of Eq.~3.2! from Eq. ~3.3! allows the
obtainment of the following relation:

@ tHoB
g,2~Ho!1tTmBg,2~Tm!^sin2g&#

tHo1tTm

52@s~@010#,@010# !2s~@010#,@100# !#. ~3.6!

Notice that Eq.~3.6! becomes the one used for RE SL
when the spacer layers are nonmagnetic, i.e.,B5Y or Lu,8,11

and therefore Eq.~3.6! generalizes to the magnetic/magne
SL’s. We should stress that in the obtainment of Eq.~3.6! we
have assumed that the magnetostriction straine2

g5exy is uni-
form for the bilayer, i.e.,e2

g(Ho)5e2
g(Tm), as one would

expect physically. Therefore we eventually obtain differe
MEL stresses in the Ho and Tm layers, i.e.,Bg,2(Ho)
ÞBg,2(Tm), for the SL equilibrium state. This distinction
important in order to understand the MEL behavior
Ho/Tm SL’s or any others formed by two magnetic layers
the bilayer.

IV. ANALYSIS AND DISCUSSION OF MAGNETIZATION
AND MEL STRESS MEASUREMENTS

A. Magnetic phase diagrams

The MPD of Ho/Tm and Ho/Lu SL’s have been obtain
from ZFC susceptibility, magnetization, and MEL stre
measurements. The transition fields and temperatures
determined by the changes in the slope and or, steplike va
tions in the isotherm and isofield curves. By crossed tab
tion of the transition temperatures at a given magnetic fie
and the transition fields at a given temperature, we have
tained theH-T diagrams of the magnetic phases in the S
of Ho/Tm and Ho/Lu, which will be compared. We hav
found an excellent agreement between the transition fi
and temperatures obtained from the magnetization and M
stress isotherms. The low-field transitions were dedu
from the ZFC susceptibility measurements. They are in g
correspondence with the magnetic-phase boundaries d
mined from the neutron-diffraction experiments in Ho/L
~Ref. 12! and Ho/Tm~Ref. 13! SL’s. Figures 5~a! and 5~b!
show the phase diagrams for the Ho30/Lu15 and Ho30/Tm16
samples, respectively. The magnetic phases of Ho8 /Tm16
and Ho8 /Lu15 are similar to the corresponding ones f
Ho30/Lu15 and Ho30/Tm16, although there are difference
especially at low temperatures and low fields, which ha
09442
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been reported12,13 from neutron diffraction at zero field. The
magnetic phases existing at high fields,H.0.5 T, in Ho/Lu
and Ho/Tm SL’s are identified by the comparison of o
experimental results with the corresponding structures
bulk metals.

The ‘‘finite-size’’ effect, for the ferromagnetism appea
ance in the thin slabs of Ho,20 was identified in Ho8 /Lu15 SL
by neutron diffraction,12 and is consistent with our results o
ZFC susceptibility@Fig. 1~a!#. Below ;53 K in Ho8 /Lu15,
the Ho blocks behave ferromagnetically, and are coupled
tiferromagnetically by the exchange, although this coupl
should depend on the thickness of Lu spacer. However, in
SL of Ho8 /Tm16 this situation does not exist because the T
layers destroy the finite-size effect.13 On the other hand,
there is an important reduction in the ZFC susceptibility
Ho8 /Tm16, just aboveTN(Tm) @see Fig. 1~c!#, which is not
observed in Ho8 /Lu15. Above TN(Tm), the Tm layers be-
have as Curie paramagnets, and the helical structure in
layers of Ho remains coherent through the Tm spacer.13 Near
TN(Tm), there should exist strong critical fluctuations of t
Tm spin-density wave, which can produce a partial disru
tion on the Ho helix structure, reducing the magnetic coh
ence of the Ho structures through the Tm spacers. This
plains the above-mentioned reduction of the ZF
susceptibility. In fact, the magnetic-coherence length of
helix in the layers of Ho for Ho8 /Lu15 is larger than for the
case of Ho8 /Tm16 SL.12,13 Concerning the variation of the
TN(Ho) with regard to the bulk one, and if we assume th
the TN(Ho) is only a function of thec axis strain, only a

FIG. 5. Magnetic phase diagram for~a! Ho30/Lu15 and ~b!
Ho30/Tm16 superlattices. The magnetic phases shown in plot~a! are
associated with the magnetic structures in holmium layers o
(d) represents the transition boundary between the helix or
phases to a ferromagnet in holmium layers, (j) is associated with
the transition boundary between the helix to fan phases in holm
layers as well. (m) shows the transition boundary observed at lo
field using the ZFC susceptibility results. The dotted lines sepa
the different magnetic phases, which could not be detected from
experimental results and were deduced from the bulk result. A
and CPM, respectively, mean antiphase modulated andc-axis
modulated structures of the thulium layers, which are canted fr
the c axis. The shade phase is a helix phase in holmium layers
4-5
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variation of 4 K can be explained,12,13,22whereas reductions
of 15 K in the case of Ho8 /Lu15 and of 25 K in Ho8 /Tm16
are observed@see Figs. 1~a! and 1~c!#. So, the changes o
TN(Ho) must be mainly correlated with the dilution degr
of these systems.

There exist some enhancements of the transition fie
from helix to ferromagnetic or to fan phases in the interle
ing holmium layers in the Ho/Lu and Ho/Tm SL’s. In fact,
Fig. 5 we may appreciate that the differences of the transi
fields of Ho/Lu and Ho/Tm SL’s are not larger than 0.5 T. W
argue that the reason for this small enhancement is due to
stability of the helix structure in the Ho layers, against t
applied magnetic-field distortion. The epitaxial strain can
one of the reasons for the enhancement, because thec axis
exchange interaction should be modified by the misfit stra
On the other side, there exists another possible factor
could explain this enhancement. It has been argued tha
Ho/Y SL’s, the enhancement is mainly due to the existe
of the yttrium spacer.23 The extraordinary peak calculated
the generalized susceptibility of the conduction-band e
trons in yttrium24 can enhance the Ruderman-Kittel-Kasuy
Yosida ~RKKY ! exchangef 2 f between holmium ions in
holmium-yttrium SL’s. In our case, we could have the sa
situation, but now the eventual enhancement in the excha
coupling is introduced by the thulium spacers, because
exchange values in Tm bulk are larger than in Ho bulk.21

B. High-field magnetization

In Figs. 6~a! and 6~b! we have represented the therm
dependence of the magnetization values at the maxim
magnetic field applied, 12 T, for Ho/Lu and Ho/Tm SL’s. W
observe that the magnetization values for Ho/Tm SL’s
much larger than the corresponding ones of Ho/Lu SL’s.
the Ho/Lu case, the values at low temperatures are clos
the full saturation expected from the bulk values. For Ho/T
SL’s, we argue that at high-field only the Ho layers are fu
saturated along the applied field direction as it happens

FIG. 6. Thermal variation of the magnetization at the maxim
applied field of 12 T along theb axis for ~a! Ho8 /Lu15 and
Ho8 /Tm16 and ~b! for Ho30/Lu15 and Ho30/Tm16. Notice the
smaller values for the Ho/Lu SL’s, although they are fully satura
at low temperatures@see Figs. 2~a! and 2~b!#.
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the Ho/Lu case, but in Tm layers a strong anisotropy ex
along thec axis, so the 12 T magnetic field along theb axis
is not enough to saturate the Tm layers. To ascertain
magnetization behavior in Tm layers, we have proceede
subtract the Ho contribution from the total magnetization
both Ho/Tm SL’s. We have assumed that in the Ho/Tm S
the Ho magnetization is the same as in the Ho/Lu SL’s. T
Ho8 /Tm16 and Ho30/Tm16 SL’s behave very differently~see
Fig. 7!. Notice that, in the zero temperature limit, for the fir
SL the Tm basal-plane magnetization is less than 10% of
Ho one, while for the latter, it is nearly half of it. The Tm
magnetization MTm shows a peak at about 58 K fo
Ho8 /Tm16 SL, which is precisely the Ne´el temperature of
Tm layers. Below 58 K,MTm smoothly decreases with tem
perature. This thermal behavior ofMTm ~12 T! is similar to
that observed in bulk Tm, when the magnetic field is appl
along theb axis.6 The situation is completely different in
Ho30/Tm16 SL: MTm (T, 12 T! only shows a shoulder a
about 58 K, and increases continuously on decreasing
temperature. This increase points to a stronger exchange
pling between the Ho and Tm layers in this SL, which
consistent with zero-field neutron-diffraction results.13

The above results indicate that, for Ho8 /Tm16, the tilting
of the MTm out of thec axis comes mainly from the torqu
exerted by the external applied magnetic field, althou
some exchange with the Ho layers exists, while in t
Ho30/Tm16 SL the stronger contribution to the mean fie
acting on the Tm ions supplied by the Ho layers is clea
shown up.

C. Magnetoelasticity in the basal plane
of HoÕLu and HoÕTm SL’s

In this section, we proceed to a comparative analysis
the MEL behavior within the basal plane for Ho/Tm an
Ho/Lu SL’s at the maximum field applied of 12 T. In Fig
8~a! and 8~b!, we show the basal-plane CSB effective ME
stress values, 2$s(@010#,@010#)2s(@010#,@100#)%, for
Ho8 /Lu15 and Ho8 /Tm16 and for Ho30/Lu15 and Ho30/Tm16

d

FIG. 7. Thermal dependence of the ratio between the magn
zation of thulium layers in Ho8 /Tm16 and Ho30/Tm16 superlattices
and the saturation magnetization of holmium layers in the isom
phous Ho/Lu SL’s, at the maximum field of 12 T, applied along t
b axis.
4-6
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SL’s against temperature, respectively. At high temperatu
('100 K), the CSB effective MEL stress for both SL’s ha
close values, as is expected because the MEL stress beh
is dominated by the Ho layers. However, on decreasing
temperature, the 2(s(@010#,@010#)2s(@010#,@100#)) MEL
stress in Ho/Tm SL’s deviates from the Ho/Lu values.
spite of this deviation is larger in Ho30/Tm16 than in
Ho8 /Tm16, for the latter SL there exists an important qua
tative difference, which is the sign change of the MEL stre
at around 70 K. We can explain this sign change if we c
sider that the MEL stress in the basal plane is of single-
crystal electric-field~CEF! origin,14,15 and proportional to
Stevens factorsaJ , which are of the same order andopposite
sign for both Ho31 and Tm31 ions. So, in Ho8 /Tm16, be-
cause of its relative volume, the Tm can produce a s
change in the CSB MEL stress parameter, whereas in
Ho30/Tm16 can only decrease the value of MEL stress, es
cially below TN ~Tm! @see Fig. 8~b!#.

The MEL behavior of the Ho blocks in Ho/Tm SL’s ca
be reasonably assumed to be close to that one in Ho
SL’s.8,11 In Sec. IV B, we argued that the magnetization
Ho layers is fully saturated along the field direction for t
high-field regime,H.5 T; however, for the Tm ones it is
hardly tilted towards the field, even at 12 T. Now, we ke
the same assumption for the MEL stress associated with
Ho layers. So, by using Eq.~3.6! and the values displayed i
Figs. 8~a! and 8~b!, we have obtained the effective ME
stressBe f f

g,2(Tm) at 12 T, associated with the CSB in T
blocks~see Fig. 9!. These results, at low temperatures, se
to be consistent with those obtained from magnetization,
the Tm ions are more polarized along theb direction in the
case of Ho30/Tm16 SL than in the Ho8 /Tm16. The origin of
such tilting should be associated to the magnetic coup
between the Ho and Tm ions through the interface, as
neutron diffraction suggests at zero field.13 On the other

FIG. 8. Thermal variation of the measured magnetoelastic st
within the basal plane for~a! Ho8 /Lu15 (d) and Ho8 /Tm16 (j)
superlattices, and~b! for Ho30/Lu15 (d) and Ho30/Tm16 (j) su-
perlattices, at the maximum field of 12 T applied along theb axis.
The continuous line represents only a visual guide. The dotted
separates the paramagnetic and magnetically ordered phase
thulium layers.
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hand,Be f f
g,2(Tm) values scale roughly with the square of t

magnetization of Tm ions,MTm
2 , for temperatures above

TN(Tm), as expected.14,15 In Fig. 9 are represented the ME
values of Tm layers, which are negative, as expected for
ions, and different from each other, which could indicate
existence of epitaxial and interfacial contributions, as pre
ous studies showed in other RE SL’s.7,11

V. CONCLUSIONS

We have studied the magnetic and basal-plane magn
elastic behavior for Ho8 /Tm16 and Ho30/Tm16 SL’s. We have
measured the low-field and the high-field magnetization
plying the magnetic field along thehexagonal b axis, be-
tween 10 and 120 K. The zero-field-cooled magnetizat
clearly shows the coexistence of Ho and Tm magnetic ord
ing below TN

Tm , although the Ho blocks are magnetical
ordered below 100 K in both SL’s. The analysis of the hig
field magnetization~at 12 T! shows that the Ho magneti
moments are fully aligned along the field direction above 5
for both Ho/Tm SL’s, and that the Tm layers behave sim
larly to bulk Tm only for Ho8 /Tm16. For Ho30/Tm16, the
low-temperature values of magnetization indicate a lar
tilting of the Tm magnetic moments out of thec axis with
respect to the bulk one. The analysis of the MEL stress
periments also indicate that the Tm moments are tilted
from thec axis when a magnetic field is applied within th
basal plane of the hcp structure~otherwise the values ofBg,2

would be nearly the same as for the Ho/Lu SL’s!, this effect
being larger in the case of the Ho30/Tm16 sample than for the
Ho8 /Tm16 SL. Nevertheless, experiments in higher magne
fields would be necessary to attempt the full saturation
these competing anisotropy SL’s, and, in this way, to be a
to obtain separately the Tm and Ho MEL stress paramet
The different tilting of Tm ions in the two studied Ho/Tm
SL’s can be due to differences in the mean field originated
the Ho layers~strongest in the Ho30/Tm16 SL!, which can

ss

e
for

FIG. 9. Thermal variation of the magnetoelastic stress of t
lium layers within the basal plane for Ho8 /Tm16 (j), and
Ho30/Tm16 (s), at the maximum applied field of 12 T. The dotte
line separates the temperature above which the thulium layers s
parastriction.
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give rise to different couplings between the Tm bilayers~as
shown by the neutron-diffraction experiments13!. Also, a dif-
ferent effect of the basal-plane CSB MEL strain,e1

g , in Tm
layers in both SL’s, could cause unlike changes of theB2

0 and
B6

0 CEF parameters and, consequently, unlike modificati
of the axial anisotropy of Tm blocks~weakest for the
Ho30/Tm16 SL!.
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