PHYSICAL REVIEW B VOLUME 54, NUMBER 9 1 SEPTEMBER 1996-1

Magnetic structure of dysprosium in epitaxial Dy films and in Dy/Er superlattices
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We present a magnetization and neutron-diffraction study of the basal plane magnetic structure of Dy
epitaxial films and Dy/Er superlattices. The thermal evolution of the magnetic phases, the stability of the
helical phase under a magnetic field, the thermal variation of the dysprosium in-plangarameters, and of
the dysprosium turn angle are successively shown. In Dy/Er superlattices, the dysprosium helix propagates
coherently through paramagnetic erbium; at low temperature, individual dysprosium layers undergo a ferro-
magnetic transition and are coupled antiferromagnetically to each other for erbium layers thicknesses larger
than 20 A. In dysprosium films, as expected from the epitaxy effect, the Curie temperature of dysprosium is
reduced if dysprosium is grown on yttrium and increased if it is grown on erbium, whereas it is unexpectedly
close to the bulk value in Dy/Er superlattices. This amazing value of the Curie temperature in superlattices is
correlated to two main experimentally observed effe@jsthe magnetoelastic driving force is reduced com-
pared to bulk dysprosium because of the clampedistortion; (ii) the difference between the exchange
energies in the helical and the ferromagnetic phases is increased compared to the bulk value.
[S0163-182606)06034-1

I. INTRODUCTION between the magnetic moments carried by atoms located in
plane separated fromy/2 decreases from 44° &, to 26° at
Layered magnetic materials have generated a large intefFo=89 K where it drops to 0°.This drop corresponds to the
est over the several past years. Among them, epitaxial filmeccurrence of a ferromagnetic phase in which the moments
and superlattices constituted of rare earths have shown neare oriented along tha direction in the basal plane.
magnetic effects due both to the epitaxy and to the superpe- Erbium orders at 85 K. Below this temperature, the mag-
riodicity. netic moments present a-axis sinusoidally modulated
In rare-earth superlattices at least four spectacular effecstructure'® whose wave vector igjg,. The transverse mo-
have been evidencedi) a long-range coherence of helical ment components are disordered down to 52 K and exhibit
magnetic phase through nonmagnetic laydig, a long- helical ordering at lower temperature. Progressively the
range antiferromagnetic order between ferromagnetic layers-modulated structure squares up with, as shown recéhtly,
through nonmagnetic one@ii ) enhancement or reduction of a lot of lock-in and spin slip phases. At 20 K, tleeaxis
the ferromagnetic transition temperature, & shift of the  order becomes ferromagnetic whereas the basal component
wave vectors in helical phases. order remains helical. It results in a conical arrangement with
However, most of the rare-earth films and superlattice@pex angle of about 25°. The turn angte equivalent turn
studied up to now were composed of magnetic layersangle in thec-axis modulated structuresg,=27/qg, is larger
(Gd,Dy,Er,Ho separated by nonmagnetic onég,Lu):'"®  than the turn angle of dysprosium and varies from 51.4° to
few works have been devoted to systems constituted of twd5°.
magnetic elements such as Gd/fRef. 7 and Ho/Ef As As will be noted in Sec. V, both dysprosium and erbium
the Dy/Er system, which is the object of the present paperattices undergo progressive strains in the modulated phase
they permit the study of some of the effects mentioned aboverhen the temperature decreases, and discontinuous strains
and they exhibit specific behaviors due to the fact that botloccur at the ferromagnetic transition.
elements have their own magnetic characteristics. This paper is mainly devoted to the basal plane magnetic
The Dy/Er system is constituted of two magnetic elementproperties of Dy/Er superlattices. Indeed, the magnetization
which present opposite anisotropy: the basal pl@®1) of = measurements presented here have been performed with the
the hexagonal lattice is an easy magnetization plane for dydield applied in the plane of the samglthe (0001 plang
prosium, whereas the easy magnetization direction of erbiurand the response is therefore mainly due to the magnetic
is along thec axis. In addition, both bulk materials exhibit components in this plane. On the other hand, most of the
their own succession of complex magnetic phases with temaeutron-scattering experiments shown here have been per-
perature. Bulk dysprosium orders from the paramagnetic tédormed along thec* direction around thé€0002 reflection,
the helical state af=179 K Below this temperature, the and the component of the magnetization along thaxis
magnetic moments are in the basal plane and the helix waw#oes not bring any contribution to such spectra. In the
vectorgp, is along thec axis. The turn anglevp,=27/qp,  samples studied, as in bulk materials, we will see that the
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TABLE I. Nominal compositions of the Y/Dy/Y and Er/Dy/Er trilayers, and of the Dy/Er superlattices.
The ¢ parameter corresponds to the dysprosium parantigtehe trilayers or to the average parametén
the superlattices They have been determined by x-ray diffraction, as well as the structural coherence length.

Nominal composition C parameter Structural
A) coherence length
R)
Tr. A Y/Dy 600 A7y 5.630 450
Tr.B  Y/Dy 2900 Ary 5.632 780
Tr.C  Y/Dy 3200 A/Y 5.643 760
Trilayers Tr.D  Er/Dy 200 A/Er
Tr.E  Er/Dy 450 A/Er 5.662 400
Tr.F  Er/Dy 600 A/Er 5.666 580
Tr.G  Er/Dy 3000 A/Er 5.651 960
SI.A  Y/[Dy(34 A)Er(23 A)]x50/Y 5.589 780
SI.B  Y/[Dy(60 A)/Er(60 A)]x60/Y 5.612 960
SI.C  Y/[Dy(35 AJ/Er(111 AIx47/Y 5.589 820
Superlattices SID  Y/[Dy(70 A)Er(59 A)]x20/Y 5.603 740
SI.LE  Y/[Dy(35 AY/Er(11 A)]x80/Y 5.621 860
SI.LF  Y/[Dy(19 A/Er(19 A)]x40/Y 5.600 860
SI.G  Y/[Dy(10 AJ/Er(10 A)]x60/Y 5.605 600
SI.H  Er[Dy(24 A)J/Er(26 A)]x60/Er/Y 5.621 730

dysprosium moments are kept in the hexagonal basal plarend they distortion is estimated from neutron-scattering ex-
and that the erbium moments have their largest componemeriments along the* direction around th€1010) reflec-
along thec direction. This paper is therefore rather devotedtion. Section VI deals with the thermal evolution of the turn
to the dysprosium magnetic behavior than to the erbium onengle in the helical phase, which is related to the difference
although both magnetic behaviors cannot be dissociated. between the exchange energies in the ferromagnetic and he-

In order to better understand the properties of the Dy/Etical phases. Finally the results are discussed in Sec. VII.
superlattices where both epitaxial and superperiodicity ef-

fects are mixed, we simultaneously carried out a magnetic || £ ABORATION AND CHARACTERIZATION
study of unique dysprosium films sandwiched between er- OF THE SAMPLES

bium layers: they are referred to as Er/Dy/Er trilayers. In

these samples, where no superperiodicity manifests, it should MBE growth

be possible to focus on epitaxial effects. Moreover, Y/DY/Y  The rare-earth samples are grown along (®@03) direc-
trilayers have been studied to permit comparisons betweefjyn by molecular-beam epitaxVIBE) in a chamber whose
two trilayers systems where the epitaxial strains are of oppopgse pressure is typically in the T8 Torr range. Following
site signs, because interatomic distances in yttrium and egne process proposed by Kwo, Hong, and Nakafheal000
bium are, respectively, larger and smaller than inA thick (110 niobium buffer is first deposited on th&120)
stprqsmml. In these various types of samples, we havesapphire substrate maintained at 800 °C, to prevent reaction
investigated not only the usual magnetic parameters, but al§¢atween the rare earths and the sapphire. Then a seed layer
the thermal dependence of the lattice parameters, which ag several hundred angstronfgtrium or erbium is grown
strongly related to the magnetic phase transitions and to thgring the cooling of the substrate from 800 to 400 °C. The
mechanisms which drive these transitions. superlattice, or the unique dysprosium layer, is subsequently
This paper will be presented as follows. In Sec. I, wedeposited at 400 °C and is covered by a cap layer of the same
recall the elaboration technique of the samples and presegiement as the sedgittrium or erbiun. If the final layer is
their characterization by x-ray diffraction. Section lll'is de- erhium, an yttrium layer is also deposited to inhibit oxidation
voted to neutron-scattering experiments conducted along thgs ipe sample when exposed to air. The rare earths are evapo-
c* direction around th&0002 reflection under zero mag- ated from effusion cells.
netic field. The thermal evolution of the spectrum shows the The sampledtrilayers and superlatticesire gathered in
occurrence of different magnetic phaséelical, antiferro-  Taple I. Let us underline that only one superlatti&. H)

magnetic or ferromagneti@nd of the long-range magnetic \yas deposited on an erbium seed layer and covered by an
coupling between the layers. Section IV reports magnetizagrhium cap layer.

tion measurements performed with a standard superconduct-
ing quantum interference devidgSQUID) magnetometer.
These measurements allow ones to determine the stability of
the helical phase under magnetic field. Section V is devoted The total scattered intensity from a superlattice is given
to the study of the magnetoelastic effects: thetrains are by the square of the total structure factbig)|? which in the
investigated through the thermal variation of thparameter case of an ideal superlattice with sharp interfages, the

X-ray diffraction



54 MAGNETIC STRUCTURE OF DYSPROSIUMN . .. 6409

Dy/Er AlO
10°f
. 10+
el
g 1000
=
é 10 % 10 K
= E 50 K
1o 2 cook N\ 75 K
M IR RN R B A & 15 K
1.8 2 2.2 2.4 2.6 2.8 2 A
q A" E s ¥ N 150 K
:J\.M-_».-, ™™ 170 K
FIG. 1. Room-temperature x-ray-diffraction pattern frorfDy ol t 1 1 0 R 111 1270 K
(34 A)/Er (23 A)]x50 superlattice. The Bragg peaks of the yttrium 1.9 2 2.1 2.2 2.3 2.4 2.5
seed and cap layers, of the niobium buffer and of the substrate are, q A"
respectively, referred to as Y, Nb, and,@8k. The averagé0002 ) ]
Bragg peak(Dy/Er) is surrounded by satelliteéndicated by ar- FIG. 2. Neutron-scgtter!ng spectra measured at o_hfferent tem-
rows). peratures along the* direction around th€0002 reflection for a
Y/Dy (600 A)/Y trilayer.
concentration and the-parameter profiles are assumed to be
rectangle-wave modulatgdan be written: model, in order to obtain specific information about the
structure and composition of the superlattices near the inter-
sin(NAQ/2) sin(Npy0Cpy/2) faces. According to these authors, the interdiffusion is quite
f(a)= SNAG2) | '™ Tsinqco/2) minimal and the composition reaches 85% of the pure ele-
y

ment within about two planes on either side of the interface.

sin(Ng,qce/2) Beachet al2 and Jehamt al® also reported that the interface
W ' 1 between rare-earth layers prepared in the 300—400 °C tem-
perature range is rather shag@pproximately four atomic

where g is the wave-vector transfeff,, and fg, are the planes. Concerning thec-spacing modulation, Borchers
atomic scattering amplitudes for x rayé,is the total number et al}* mentioned that the variation is also quite abrupt in
of bilayers,A is the chemical modulation of the superlattice, Er/Y superlattices.
Npy(en IS the number of dysprosiurterbium atomic planes
in an individual layer, andpy g, is thec parameter of dys-
prosium (erbium).

The x-ray-diffraction pattern of the superlattice 8I(Y/
[Dy(34 A)/Er(23 A)]x50/Y) (Fig. 1) shows the Bragg peaks  Neutron-scattering experiments were performed at the
of (0002 yttrium, (1120) sapphire, and110) niobium. The Laboratoire Len Brillouin (CEA) in Saclay(France on the
average Bragg peak ¢0002 dysprosium/erbium superlat- G4.3 triple-axis spectrometer with the analyzer set for zero-
tice is surrounded by satellites separated byA2(indicated  energy transfer and used to minimize the background. The
by arrows. wavelength was 4.245 A and the collimators weré 8@

The position of thg0002 dysprosium peak in the trilay- each side of the sample and were &@fore the detector.
ers, or of the average Bragg peak in the superlattices, permits

to determine thec or averagec parameter(Table ). As
expected from the lattice mismatch between the elements,
the ¢ parameter in the dysprosium films grown between yt- A set of neutron-scattering spectra collected from sample
trium (erbium increases(decreaseswith the dysprosium Tr. A [Y/Dy (600 A)/Y] along thec* direction around the
thickness. In the superlattices, the averagparameter in- (0002 reflection is shown in Fig. 2. At 270 K, theé002
creases with the ratitDy thicknesy/(Er thickness The half ~ Bragg peak of yttrium is located gt=2.191 A ™! and that of
width at half maximum of this Bragg peak is related to the(0002 dysprosium atj=2.232 A% their relative intensity is
structural coherence length, which is generally around 800 Alue to the small nuclear coherent scattering amplitude of
in all the superlatticegTable l). The values corresponding to neutron in yttrium compared to that in dysprosium. When the
the Er/Dy 200 A/Er trilayer are not indicated in the table, temperature is lowered, two magnetic satellites arise sym-
because the dysprosium Bragg peak is not intense enough teetrically on both sides of théD002 peak of dysprosium.
make a proper fit. Rocking curves performed on the superThese peaks located atm\,q from the (0002 peak of
lattices and on the trilayers confirm a good crystal qualitydysprosium are of magnetic origin and are due to the mag-
with mosaic widths around 0.25°. netic helical modulation which develops beloly with a

The interface between the rare earths has not been studiedvelengthA .. The magnetic peaks persist down to 10 K
in detall for the Dy/Er system. In the Er/Y system, Borchersand on the whole temperature range, there is no change of
et all* have fitted the x-ray data to a damped rectangle-wavéhe intensity of thg 0002 peak of dysprosium. This clearly

+exp(iAg/2)fg,

[lI. NEUTRON-SCATTERING EVIDENCE OF THE BASAL
PLANE MAGNETIC PHASES

Er/Dy/Er and Y/Dy/Y trilayers
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direction around the(0002 reflection for a Er/Dy (600 A)/Er
trilayer.

indicates that the helical phase is stable down to the lowest
temperature and that there is no ferromagnetic transition,
which is dramatically different from the magnetic behavior 190 K
of bulk dysprosium, where the ferromagnetic transition takes L.

place at 89 K. The neutron-scattering results are very differ- 1.9 2 2.12.22.32.42.52.6

ent in sample TrF [Er/Dy (600 A)/Er] where a dysprosium qAY

film of identical thickness is sandwiched between erbium

layers. The spectra are similar at high temperature and below FIG. 4. Neutron-scattering spectra measured at different tem-
the Neel temperature with the appearance of magnetic sateperatures along the* direction around th¢0002 reflection for a
lites, but they are very different at low temperature where ther/[Dy (34 A)/Er (23 A)]x50/Y superlattice.

magnetic satellites disappear and the intensity of(@892 ) , ,

Bragg peak of dysprosium increases. The thermal evolutioR€utron-scattering amplitudés,, andbg,. The expressions
of the integrated intensity of th@002 Bragg peak of dys- © the ma_gnet|c structurg fac'_[ors depen(_j on the magnetic
prosium is shown in Fig. 3. The ferromagnetic transition isconfiguration; they are given in Sec. VI in the case of an

indicated by the sudden increase in this intensity. The tranf€lical ordering. _ _ ,
sition starts near 100 K, which is above the Curie tempera- 1he Set of spectra obtained by neutron-scattering experi-

ture of bulk dysprosium, but it is not as abrupt as in bulkments along the (00D direction collected from the superlat-

element. The increase of the Bragg peak intensity is acconfic® SI-A is pictured in Fig. 4. The three peaks present at 190

panied by the disappearance of the magnetic satellites bh,lﬁ correspond to the averag@002 Bragg peak of the super-

there is a coexistence of the two phases over 20 K. attice (at a wave vectogo=2.237 A°%), a satellite (.) due
So, from neutron diffraction around t{8002 reflection, ~ t© the chemical modulation and the Bragg peak due to the

it is clear that the epitaxy of dysprosium between yttriumYttrium seed and cap layey). _
layers favors the helical order, whereas the epitaxy between At 110 K, an additional set of peak®y) of magnetic
erbium layers enhances the Curie temperature, and therefof&9in appear on either side o, whereas the intensity of
favors the ferromagnetic phase. This is obviously consisterf{!€ Main Bragg peak remains unchanged. The occurrence of

with the previous observations performed on dysprosiun{“agnetic satellites reveals the presence of the helical order-
layers grown on YLu, , layers whose parameters were ing in the dysprosium. The fact that they are split into several
—X

larger or smaller than that of dysprosium, depending on th@62Ks separated bym2A proves that the helix propagates
compositionx.1® coherently through paramagnetic erbium layers. The fit of

the spectra and the thermal evolution of the turn angle be-
tween moments in dysprosium layers and of the effective
turn angle in erbium will be discussed in Sec. VI. The propa-
The total intensity of nonpolarized neutrons scatteredgation of the helix through a spacer was originally shown in

Dy/Er superlattices

from a superlattice is given by systems where the spacer between magnetic layers is non-
magnetic, Dy/Y*® Er/Y,* Ho/Y,® Dy/Lu,® Ho/Lu® It is now
1(a) = frud D2+ [ ad D2+ [ rag(D]Z, (2)  observed when the spacer is paramagnetic, DY/Eio/Er®

This phenomenon is due to the stabilization of a spin-density
wheref,,,(q) is the total nuclear structure factor ahg,{q)  wave in the conduction band of erbium, which then couples
andf ,,.{q) are magnetic structure factors. The expression oto the local moments on the dysprosium sftes.
the nuclear structure factor is quite similar to that of the With decreasing temperature the magnetic peaks positions
x-ray structure factor given by relatiofl), except thatfp,  move in towardsg, because of the increase of the wave-
and fg, have to be replaced by the corresponding cohereriength of the magnetic modulatiof,,,q. From the width of
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these magnetic peaks, one can deduce that the magnetic co-
herence length decreases with the temperature: it varies from
550 A at 110 K to 450 A at 80 K. On the other hand, as
already observed in other systems, the magnetic coherence e e . A 2
length of the helical phase of dysprosium is a function of the e 2 2.1 2.2 2.3 2.4 2.5 2.
thickness of the spacer. For an erbium spacer thickness of q A1

111 A (SI. C), the width of the central magnetic satellites )

encompasses the bilayers harmonic position rendering them FIC: 6. (@ Neutron-scattering spectrum measuredratl0 K

. . long thec* direction around thé0002 reflection for a EfDy (24
unresolvedFig. 5 and the basal plane magnetic coherence? . i
T . . A)IEr (26 A)]x60/Er superlattice(b) Neutron-scattering spectrum
at 110 K is limited to one dysprosium layer. This result hasmeasureol aT—10 K along thec* direction around the0002

e ot onerence SbSenved N Rlcion o a YDy (70 AV 9 AT 0N upratice
Dy/Y superlattice for a 120 A yttrium thicknesS.

Below 50 K new peaks emerdeeferred to as AF in Fig. dysprosium layers at low temperature can be the result of a
4) at positions corresponding to a modulation twice of thethermodynamic equilibrium, or it can be due to fan structures
chemical modulation. These peaks are the sign of an antipaor inhomogeneities in the sample. As a seed layer of yttrium
allel arrangement between dysprosium ferromagnetic layersvas present in most of the samples, we could think that the
The coherence length of this antiferromagnetic phase is 40part of the sample close to yttrium was not submitted to the
A at 60 K and 300 A at 10 K. A transition from an helical same strain as the part of the sample located in the middle of
phase inside the layers, coherent through the spacer, tothe superlattice. For that reason, we prepared the sample
ferromagnetic order inside each layer with antiparallel couSl. H with erbium as a seed layer and as a cap layer. As
pling between the magnetic layers through the spacer hashown in Fig. 6a), the helical phase is still present at low
been observed previously in the Dy/Lu systémhere lute- temperature. The buffer probably plays a role on the strains
tium is nonmagnetic. However, the situation is different inin the sample but it does not seem to induce the coexistence
the Dy/Er system, because erbium is a spacer which present$ the phases. In fact, we observed a correlation between the
an ordered complex magnetic phase in this temperaturthickness of the individual dysprosium layers and the relative
range. Note that, despite the occurrence of this antiparallémportance of the helical phase at 10 K: the thicker the dys-
arrangement, the satellites attributed to the magnetic helix dprosium layers are, less residual helical component is
not totally disappear and persist until 10 K; at this temperapresent. For example there is practically no residual helix at
ture the magnetic coherence length of the residual helical0 K in sampleD where dysprosium layers are 70 A thick,
order is about 300 A. In addition to th@\F) peaks, new although the superlattice has been grown between 500 A
peaks located at 1.972 and 2.518*AEr) take place below thick yttrium layers[Fig. 6(b)]. This observation could lead
50 K. They are due to the helical ordering of the erbiumto invoke an effect occurring at the interfaces, but the long-
basal plane component. range character of this residual phase is incompatible with

Thus at low temperature, the configuration of dysprosiunmsuch an explanation.
is an antiferromagnetic stacking of the ferromagnetic dyspro- In all the samples studied before, the intensity of the av-
sium blocks, with a residual helical phase whose persistencerage(0002 Bragg peak is temperature independent, which
remains to be explained. The magnetic configuration of ermeans that there is no ferromagnetic long-range order. As
bium presents an helical in-plane component.  Similar sucshown in a previous paper devoted to the sampl®&$¥.the
cession of the magnetic phases has been observed in thatiparallel arrangement between dysprosium layers and the
superlattices SIB and SI.F. residual helical component are both destroyed by applying a

The coexistence of the two magnetic configurations in thanagnetic field in the plane of the sample, and they are re-
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whose contribution decreases in the case of thick dysprosium

. . layers. The ferromagnetic dysprosium layers constitute an

12.22.32.42.52.6 antiparallel stacking through the erbium layers in most of the
q A samples, and a parallel one when the erbium thickness is

small. Such a ferromagnetic arrangement between successive

FIG. 7. Neutron-scattering spectra measured at different temmagnetic layers when the spacer thickness is small has al-

peratures along the* direction around th€0002 reflection for a  ready been observed in the Dy/Lu systém.

Y/[Dy (35 A)/Er (11 A)]x60/Y superlattice.

IV. MAGNETIZATION MEASUREMENTS

placed by a long-range ferromagnetic phase. Moreover, this |, order to study the stability of the helical phase, mag-

transformatio.n is irreversible: when sgppregsing the fie[d, th‘?]etic measurements have been performed using a standard
system remains actually ferromagnetic. Neither the anuferroSQUlD magnetometer. As mentioned in the Introduction, the

magnetic peak nor the residual helix contribution reappear. 'f"nagnetic field was applied in the basal plane, which means
is necessary to warm up the sample at about 80 K and to col ;" \ye explored mainly the magnetism in the dysprosium

it down under zero magnetic field to recover the antiparalleiayers The 0-70 kOe field range was systematically ex-
stacking. lored.
Let us finally mention the behavior of sample Bl(Fig. P '

7) where the thicknesses of erbium and dysprosium layers
are smalf° At room temperature, the neutron-scattering pat-
tern exhibits, as in Fig. 4, the avera@002 peak, the yt- Cooling the sample under a magnetic field allowed us to
trium buffer contribution(Y) and a nuclear satelliten(). determine the Nal temperature of dysprosium. Figure 8 pre-
When decreasing the temperature, split helical satellites, cosents the curves obtained for two Er/Dy/Er trilayéfs. D
responding to the occurrence of the helical phase of dyspraand Tr.G), where the dysprosium thicknesses, respectively,
sium with coherence through erbium, appear on each side @fre 200 and 3000 A. As shown in the inset, the magnetic
the average Bragg peak. Their intensity is the largest at 50 Krdering leads to an increase of the susceptibility, and there-
and decreases below this temperature. However, contrarily tore to a cusp, indicating the detemperature. The ¢
the previous samples, their intensity is not transferred to antemperatures measured for Er/Dy/Er trilayers and Dy/Er su-
tiferromagnetic peaks but to two peaks referred té-dfig.  perlattices are given in Fig. 9 versus the dysprosium thick-
7) separated from théD002 peak by 2r/A, and which are ness. The thicknesses above 100 A correspond to the
therefore of ferromagnetic origin. Because they are howeveEr/Dy/Er trilayers, whereas the thicknesses below corre-
broad and slightly shifted compared to the peak referred to aspond to the Dy/Er superlattices. In the trilayelsy de-
n., the coherence length of the ferromagnetic order is rathetreases from 182 K in Er/DgB000 A)/Er to 180 K in Er/Dy
small (150 A). This ferromagnetic contribution also appears(110 A)/Er. In the superlattices, where the thickness of the
on the (0002 peak: its intensity increases and a broad condindividual dysprosium layers is smallefy decreases from
tribution takes place in the foot of this peak. The application176 K in the[Dy (70 A)/Er (59 A)]x 20 superlattice to 147 K
of a magnetic field of 3 kOe leads to the suppression of thén the [Dy (10 A)/Er (10 A)]x20 superlattice. As the same
helical phase and to the increase of the ferromagnetic contrirend has also been observed in Y/Dy/Y trilayers where the
bution in the main peak and in the satellites. The coherencepitaxial strains are of opposite sign, the thickness of the
length of the ferromagnetic phase is then 380 A and persistdysprosium layer seems to be the main parameter leading to
if the field is suppressed. a change of the N temperature.

Thus at low temperature, the magnetic order in the dys- This could be due to the fact that, the thinner the layers
prosium layers is ferromagnetic, with a residual helical phasare, the more important is the number of atoms which are

Neel temperature of dysprosium
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Dy/Er superlattices. | o ) .
the Neel temperaturg the magnetization increases linearly
proportionally involved in the interfaces and which haveW'thhthe field in the WhoLe_:bflel?_ rangz we t_axpl]?lred. At 160
therefore less neighbors than the atoms in the middle of thE: the magnetization exhibits first a domain of low suscep-
layer. An effect of alloying at the interface, which is of t|b|||_ty correspondmg to the stability of the helllcal_phase. At
course relatively more important as the thickness is smalle/ critical fieldHc, the increase of the magnetization reveals
may also be responsible for such a trend, because tlé Nethe onset of the ferromagnetic transition. The same phenom-
temperature of bulk DyEr, _, alloy decreasés Witk enon is observed at 140 K with a lower critical field. At 110
x : e . )

Let us finally underline that the increase of the magneti/<: the susceptibility is very large at zero field, which means
zation observed in Fig. 8 occurs at different temperatures ithat dysprosium is in the ferromagnetic state. _
the two trilayers, the thinner dysprosium film exhibiting a , |€S€ curves have to be compared to the classical curve
higher Curie temperature than the 3000 A thick dysprosiunPf the magnetization measured in bulk dysprosium single

1
film. This crucial phenomenon is exposed and discussed igrystalsz. If the general trends are the same, a number of
some detail in the following paragraph. ifferences are to be underlined) the critical field which

drives the ferromagnetic transition at a given temperature is
o _ smaller in the Er/Dy/Er trilayer than in bulk dysprosiuim
Magnetization in the trilayers bulk dysprosiumH is 10 kOe at 160 K, 7 kOe at 140 K,
The first magnetization curves collected from the Er/Dyand 3 kOe at 110 K this is consistent with neutron-
(600 A)/Er and Y/Dy (600 A)/Y trilayers at different tem- ~ scattering experiments showing that the ferromagnetic phase
peratures are pictured in Figs. 10 and 11, respectively. AlPf dysprosium is stabilized in the dysprosium films grown on
theses curves have been obtained after zero-field coolingrbium; (i) the ferromagnetic transition is smoother in the
from a temperature higher than the éléaemperature. The trilayer than in bulk dysprosium. Indeed in bulk dysprosium,
magnetization is given img per atom of dysprosium. the transition spreads on abalH-~0.3 kOe at 160 K and
Let us first consider the evolution of the magnetization ofAHc~0.1 kOe at 140 K, whereas it is as large as 2 kOe in
the sample Er/Dy600 A)/Er (Fig. 10. At 180 K (just above the trilayer for the same temperatures. It means there is cer-
tainly a domain of field and temperature in which the ferro-
magnetic and helical phases coexist.

12 Figure 11 confirms that the helical phase is stabilized in
i Y/Dy/Y trilayers. Compared to Fig. 10, the fields referred as
=1 0 H are shifted to the high valuéthe magnetic field scale is
< 0 multiplied by threg and there is no temperature below which
= 8 the susceptibility is very high in zero field. It is to underline
£ 6 that below 65 K, the low susceptibility domain is very re-
= duced and it is difficult to determirtd . However, as shown
= 4 in the neutron-scattering patte¢Rig. 2), there is absolutely
;:; no ferromagnetic component at 10 K. On the other hand, as
§ 2 in Fig. 10, the transitions towards the ferromagnetic state are
very smooth: at 140 KAH reaches 10 kOe.
0 The critical fieldsH determined from the first magneti-

zation curves are gathered in Fig. 12 for several Y/Dy/Y and
Magnetic field (kOe) Er/Dy/Er trilayers. The temperatures where this critical field

drops to 0 can be considered as the Curie temperatures.
FIG. 10. First magnetization curves measured at different temCompared to the bulk behavior, there is clearly a stabiliza-
peratures for the Er/DY600 A)/Er trilayer. tion of the ferromagnetic phase in the Er/Dy/Er trilayers and,
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FIG. 12. Thermal variation of the critical field - necessary to 4 12 K
drive the ferromagnetic transition in Y/Dy/Y and Er/Dy/Er trilayers. | . 35k (b)

The dotted line represents the variation for bulk Dy. —=—50 K

—=—65 K
at the opposite, a stabilization of the helical phase in the
Y/DylY trilayers. The critical field measured in the Y/Dy
600 A/Y trilayer never drops to 0, because the ferromagnetic
transition under 0 magnetic field is suppressed, as shown
previously in Sec. ll(Fig. 2).

Magnetization ( ug/at.)
[ ]

Magnetization in the superlattices

The first magnetization curves of the sample 8l. 00 0.5 1 1.5 2 2,5 3
([Dy(60 A)/Er(60 A)]x60) are shown in Figs. 18) (tem- Magnetic field (kOe)
perature range above 65)kKand 13b) (temperature range
below 65 K). The magnetization is given ing per atom, in FIG. 13. (a) First magnetization curves measured at high tem-

taking account of the total number of atofaysprosium and  peratures for a YDy (60 A)/Er (60 A)]x60/Y superlattice.(b)
erbium. Let us first underline that the measurements havéirst magnetization curves measured at low temperatures for a
been performed in the 0—70 kOe field range and that, even A¥[Dy (60 A)/Er (60 A)]x60/Y superlattice.

70 kOe, the magnetization never exceegg/at. This means

that the magnetic component of erbium does not contributgalue. The epitaxial strains in dysprosium which should be
significantly to the signal, because it is mainly oriented alongsimilar and anyway of the same sign in the Er/Dy/Er trilayers
the ¢ axis, as in bulk erbium, and does not collapse in theand in the Dy/Er superlattices are certainly not the only rea-
(0007 plane. son for the shift of the Curie temperature. The specific struc-

Above 65 K, the general trend is the same as in the formefure of the superlatticegthe superperiodicity and the thin
cases. At 160 KH is about 5.5 kOe, which is approxi-

mately 5 kOe below the critical field in bulk dysprosium and
leads to think that, as in the Er/Dy/Er trilayers, the ferromag-

netic phase is stabilized. Above this critical field, the mag- 12 o bulk Dy
netization increases more rapidly and again the transition is 10k DV/E )
. . o y/Er superl.
very broad(AHc is about 4 kO:)a T.hls smooth trgn5|t|on L. Er/Dy 600 A/Er
could be due to a strain modulation in the dysprosium layers, s L
especially at the interfaces with erbium. Down to 110 K, it is g B
still possible to determinél, which is close to 3 kOe, that = 6 L
is not too far from the bulk value; the difference between the o oL
critical fields in the superlattice and in bulk dysprosium is = 4
reduced when the temperature is lowered. If we compare the -
magnetization curves measured at 110 K for the Er/Dy 600 2+
AJEr trilayer (Fig. 10 and for the superlattice SB [Fig.
13(a)], it is obvious that, at a given temperature, the ferro- 0 .
magnetic phase is less stabilized in the superlattice than in 60 80 100 120 140 160 180
the Er/Dy/Er trilayer. The critical fields are gathered for Temperature (K)

Dy/Er superlattices and for the Er/Dy 600 A/Er trilayer in
Fig. 14. The Curie temperatufthat is the temperature where  FIG. 14. Thermal variation of the critical field . necessary to

the critical field drops to zejan the superlattices is clearly drive the ferromagnetic transition in Dy/Er superlatti¢esntinu-
smaller than in the trilayer, and even smaller than the bullous lines, in a Er/Dy/Er trilayer and in bulk Dydotted line.
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layer9 has to be taken into account. Let us also underlinenode is partially me-clamped in the-modulated phases
that, although the dysprosium Curie temperature in the sudown to 20 K. Because the turn angle is large, the paatial
perlattices is smaller than in bulk element, the magnetic fieldnode is reduced and the increasecadnd the decrease af
necessary to destroy the helical phase above 110 K is highandb are small between 85 and 20 K. At the ferromagnetic
in the bulk than in the superlattices. The coherent helicatransition thew mode becomes larger, which leads to a step
order through paramagnetic erbium is therefore not as stabie ¢ parameter and consequently to drapof a and b
as in the bulk, certainly because the dysprosium moments g@arameter$®
the interfaces with erbium are more influenced by the applied
magnetic field.

Figure 13b) shows that the slope of the magnetization Effects of epitaxy on the magnetoelastic energy
curves at the origin decreases again below 50 K and a do- when the basal plane of a rare earth is epitaxially grown
main of low susceptibility reappears. This is attributed to thepn the basal plane of another rare earth, the two lattices are
occurrence of the antiferromagnetic coupling, observed ifnechanically clamped to each other. We will refer to this
the neutron-diffraction spectra, which reduced the initial SUSeffect as epitaxial clampinge-clamping. As a consequence,
ceptibility. The field referred to adl. is the field necessary a strain occurring in one of the rare earths induces a strain in
to break the antiferromagnetic long-range order. This valughe second one and therefore produces an increase of the
is consistent with the field for which the AF peaks disappeaklastic energy in both elements. For that reasonttistor-
and the intensity of the maif0002 Bragg peak increases tion of ferromagnetic dysprosium is less favorable in a layer

under magnetic field in the neutron-scattering spettra. of dysprosium grown on another rare earth than in bulk dys-
prosium: such a distortion lowers the magnetostrictive en-
V. MAGNETOELASTIC EFFECTS ergy in magnetic dysprosium but increases the elastic energy
in both rare earths. It is to be stressed that, because of the
Magnetoelastic modes in bulk dysprosium and erbium sixfold symmetry of both rare earths in the basal planeyno

The ferromagnetic transition in heavy rare earths isStrain is induced by the epitaxy itself. o
known to be driven by magnetostrictive effects. It occurs ~Concerning ther modes, are-clamping effect similar to
when the gain in magnetoelastic energy is sufficient to overthat described above and unfavorable to the ferromagnetic
come the difference between the exchange energies in tfEansition is also expected. However, at the difference of the
modulated and in the aligned phagé®&ecause of the large ¥ Mode,« strains are induced by epitaxy and this effect has
magnetoelasticity, the succession of the different magnetit® be added to the-clamping effect. Indeed, as it has been
phases is accompanied by anomalous variations of the latticown in the former parts of this paper, the Curie tempera-
parameters. In the paramagnetic phase, the parameters Wfe Of dysprosium grown on another rare earth depends on
dysprosium decrease with the temperature as expected froffié Sign ofa strains induced in dysprosium by epitaxi:. if
the usual thermal expansion. In the helical phase of bulkhe epitaxial strains induced in dysprosium represent a
dysprosium, fromTy=179 K to To=89 K, thea andb  POSitive magnetostrictive energy, the helical phase is stabi-
in-plane parameters decrease simultaneously with temperized. This occurs in the Dy/Y systéftwhere the parameters
ture whereas the parameter increaséd These strains cor- ©Of bulk yttrium are larger than the parameters of bulk dys-
respond to an homogeneous dilataticalled ;) combined ~ Prosium; (||)_ |f the epitaxial & strains represent a negative
with a cylindrical strain(called a,). They are partially com- Magnetostrictive energy, the ferromagnetic phase is stabi-
patible with the development of the helimagnetic order alondized- This happens in the Dy/Lu systdand in the dyspro-
thec axis. At the ferromagnetic transition, the lattice param-Sium films grown between erbium layetsvhere the param-
eters present discontinuous steps. The abrupt increasesof €ters of lutetum and erbium are smaller than that of
due to a sudden change of thestrain modes which were dysprosium. _ _
already present in the helical phase but which are larger in N fac_t the ro!es of the various strain modes have not been
the ferromagnetic on& The opposite steps of the andb  Studied in detail up to now and, in most of the papers de-
in-plane parameters reveal an orthorhombic distorteafied voted to the magnetic transition in superlattlces,ctfmd.y
¥). This y mode is incompatible with the helical ordering and Mmodes are not clearly separated. One of the reasons is prob-
for that reason it has been said to be clamped in the helic@bly the lack of accurate measurements of the lattice param-
phase. To avoid confusion with the epitaxial clamping de-ters in thin films and superlattices.
scribed below, we refer to this clamping of thestrain in the
helical phase as me clampiigagnetoelastic clampingFor
the same reason, the modes are said to be submitted to a
partial me clamping in the helical phase. Thelistortion is
considered as the main driving force to the first-order ferro- In the neutron-scattering spectra collected from Y/Dy/Y
magnetic transition of dysprosium. The contribution of the or Er/Dy/Er trilayers, th€0002 Bragg peaks of dysprosium,
modes which can develop partly in the helical phase is conerbium, or yttrium are well separated; the position of the
sidered as less important. Nevertheless, it is the occurrend®002 Bragg peak of dysprosium measured with decreasing
of the two spontaneous strains which leads to the ferromagemperature has permitted to determine the thermal evolution
netic transition. of the dysprosiumc parameter. In the superlattices, the

In bulk erbium, they mode is totally me clamped down to (0002 peak is an average peak whose position related to
the lowest temperature because an helical component is keffte ¢ parameters of dysprosium and erbiwg, and cg, by
in the ferromagnetic phase which is in fact conical. The the relation

a strains in Y/Dy/Y and Er/Dy/Er trilayers
and Dy/Er superlattices
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and erbium in the trilayer is then larger than the mismatch

5.690 D n between bulk elements. This is confirmed by the difference
L —— Y/Dy 600 A/Y | i
5.680L —o—Y/Dy 3200 A/ between the positions of tH®002 Bragg peaks of dyspro-
I —s=— Er/Dy 600 A/Ex] sium and erbium in the Er/Dg600 A)/Er trilayer. The peaks
PR N are separated by 0.035 Ainstead of 0.025 A! expected
T 5,660 TR i from the bulk values.
2 L % 1 In the superlattice, the measuredparameter is lower
E 5.650- T g . than that of dysprosium, because it is the average ofcthe
S 5 eq0l S parameter of dysprosium and tlee parameter of erbium.

1 Nevertheless, it is likely that the parameter in the dyspro-
n sium layers is larger than in bulk dysprosium and thatdhe

| parameter in the erbium layers is smaller than in bulk er-
bium.

Let us discuss now the thermal dependence ofcthpa-

+  [Dy(60 A)VEr(60 A)Ix60| rameter. Between room temperature and thelNempera-

ture Ty (approximately 179 K the ¢ parameter in all the
samples decreases continuously with temperature because of
the classical thermal contraction.

Then the helical ordering which develops bel®yyin the
dysprosium layers is accompanied in the trilayers by an in-
crease of thep, parameter when the temperature decreases.
This is due to thex strains, whose contribution is related to
the turn angle between magnetic moments in the helical
phaseé?? This spontaneous strain adds to the epitaxial
g strains, already observed at room temperature. Because this

0 50 100 150 200 250 300 effect does not take place in erbium which is paramagnetic
Temperature (K) above 85 K, the increase of the averagparameter is re-
duced in the superlatticgnote the change in thg scalg.

FIG. 15. Thermal variation of the-axis parameter for Y/Dy At lower temperature, a discontinuous step is observed in
(600 A)Y, Y/Dy (3200 AYY, Er/Dy (600 AVET trilayers, and fora  the Y/Dy (3200 A/Y sample. It corresponds to the ferro-
Y/[Dy (60 A)/Er (60 A)]X60/Y superlattice. magnetic transition, which takes place at a temperature close

to the Curie temperature of the bulk element. Such a discon-
. 2a(np,+Ne) tinuous_ step also occurs in thg Er(moo A_)/Er trilayer but
— - Oy EBY at a higher temperature, which is consistent with the en-
(NpyCpy+ NeCer) hancement of the Curie temperature already reported for this
wherenp, andng, are the numbers of atomic planes in the Sample in Secs. Iil and IV. In the Y/D$600 A/Y trilayer,
dysprosium and erbium individual layers. The averagem- N0 Step is observed and the lattice parameter varies continu-
rameter reflects the thermal dependence of both dysprosiufSly fromTy to 10 K, which is consistent with the stabili-
and erbium parameters. zation of the helical phase. _ _

Figure 15 presents the thermal evolutioncoparameters I the [Dy(60 A)/Er(60 A)]x60 superlattice, there is no
obtained for the superlatticEDy(60 A)/Er(60 A)]x60 as real discontinuous step as in the trilayers but when the tem-
well as for Er/Dy/Er and Y/Dy/Y trilayers. Let us first dis- Perature is decreased, the averagearameter in the super-
cuss the values of the parameter of dysprosium measured lattice increases sharply from a temperature close to the Cu-
at room temperature in the trilayers, and compare them to thé€ temperature determined from the thermal dependence of
averagec parameter in the superlattice. In Y/Dy/Y trilayers, the critical field(Fig. 14 and goes on increasing down to the
dysprosium is grown between two layers of an elementowest temperature.
whose bulk parameters are larger. In the Y/@R00 A/Y
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trilayer, where the dysprosium layer is thiCkCDy v distortion in Er/Dy/Er trilayers and Dy/Er superlattices:
: ) N
is close to the bulk valu¢s.65 A). In the Y/Dy (600 A)/Y heutron diffraction along a
trilayer, where the dysprosium layer is thinner, thg lattice In order to investigate the in-plane parameters, that

parameter is reduced. This is due to the epitaxy which tendss especially they distortion, neutron-scattering experiments
to match the in-plane parameters of dysprosium and yttriumvere performed with the wave vector along tifedirection
and, as a consequence, to expand the in-plane parameterasbund the(1010) reflection. The patterns collected from
dysprosium and simultaneously to reduce the in-plane pathe Er/Dy (600 A)/Er trilayer and from the[Dy(60 A)/
rameter of yttrium. Due to the elasticity of the materials, theEr(60 A)]x60 superlattice are pictured in Figs. (46 and
expansion of dysprosium in the basal plane is accompanieti6(b). At room temperature, the superlattice and the trilayer
by a reduction of thep, parameter. In the Er/Dg600 AJ/Er  spectra exhibit an unique peak, whose widths at half maxi-
trilayer, where dysprosium is grown on an element whosenum, respectively, are 0.0130 and 0.0137*4or a calcu-
bulk parameters are smaller, the effect is reversed: the idated resolution of 0.008 Al. These widths are clearly
plane parameter of dysprosium is reduced agg is en-  smaller than the difference between the positions of the
hanced. The difference betweerparameters of dysprosium (1010) peaks of bulk dysprosium and bulk erbium which is
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When the temperature decreases, the position of the aver-
Er/Dy/Er trilayer —=— 0KOe age Bragg peak in the superlattice changes very little, except
it very slightly moves towards the high values, which is
consistent with the small thermal dependenceacénd b
parameters in bulk dysprosium aboVg, and betweerT
and T . The main difference between the spectra obtained
from the trilayer and from the superlattice is observed at
lower temperature, where the width of the Er/[B00 A)/Er
(1010) peak increases significantigvhen the temperature
decreases below 110)Kwhereas the width of the peak ob-
tained from the superlattice is unchanged. The apparent in-
crease of the width of the peak in the trilayer is interpreted
by the occurrence of distortion in domains along the three
equivalenta directions of the basal hexagonal pldAérhe
large peak would be the superposition of three peaks slightly
shifted. The fact that we do not observe such broadening in
the superlattice leads to the conclusion that there isano
201 202 203 204 205 206 207 very few) y distortion in this sample.

aA™ The application of a magnetic field along a direction per-
pendicular to the scattering vector supports this interpreta-
tion: in the trilayer, the magnetic field favors the domains
along the field direction and the overall peak becomes thin-
ner. In the superlattice, the effect is essentially to increase the
intensity of the peak, which is due to the fact that the anti-
ferromagnetic arrangement is replaced by a long-range fer-
romagnetic order. The peak measured under magnetic field is
also very slightly shifted towards higher values, but this
corresponds to &0.05% contraction of thd parameter,
whereas this contraction is 6f0.5% at the ferromagnetic
transition in bulk dysprosium.

However, if they mode occurs in the trilayer, it is neces-
sary to note that thig strain does not take place abruptly at
the ferromagnetic transition. Indeed, the width of {h610)
peak increases continuously frofiz down to 10 K which
means that the/ distortion occurs progressively. This could
be due to thee-clamping effect. These measurements lead
therefore to the conclusion that themode brings a reduced
contribution to the driving force to the ferromagnetic transi-

" tion in the trilayer and no contribution in the superlattice.
qA™) Note finally that, under zero magnetic field, the intensity
of the (1010) peak does not increase at low temperature, as

FIG. 16. (a) Neutron-scattering spectra measured alongathe  could be expected from a ferromagnetic transition of erbium
direction around the(1010) reflection for a Er/Dy(600 AVEr  \with a net component along the direction. It means that
trilayer, at 300Kunde_r zero magnetic field, and_at 10 K under 0 O&rhium does not undergo the ferromagnetic transition to-
and 5.5 kOe magnetic fieldb) Neutron-scattering spectra mea- \yards the conical phase. This is consistent with the fact that
sured along thea* direction around thg1010) reflection for an erbium is grown on an element with larger lattice param-
Y/[Dy (.60 .A)/Er (60 A)Jx60/Y superlattice, at 300 K under 2810 aters, and therefore is submitted to epitaxial strains which
magnetic field, and at 10 K under 0 Oe and 5.5 kOe magnetic f'eldfavor a modulated magnetic structure, as in the case of the

Er/Y systemt
about 0.02 A, If the in-plane parameters were different in
both elements, we could expect two pedkae for erbium
and another one for dysprosidirwith intensities in a ratio
close to that observed between the intensities of(8®2
peaks of dysprosium and erbium along fiedirection. This The turn anglew between the dysprosium moments of
unique peak shows that the in-plane parameters of the ragbnsecutivg0001) planes in the modulated phase is related
earths are the same in both erbium and dysprosium, or tha the differenceAE., between the exchange energies in the
they are very close if we consider the difference between théelical and in the ferromagnetic phases through the relation:
experimental resolution and the theoretical one. This is in
agreement with the epitaxial match of the lattices. The effect
is particularly spectacular in the trilayer where the layers are AEg~0 -
several hundreds angstroms thick. cosw  (1-coww)

201 2,02 203 204 205 206 207

VI. EXCHANGE ENERGY: THERMAL EVOLUTION
OF THE DYSPROSIUM TURN ANGLE

, (1-cosw)®  cosw,

©)
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FIG. 17. Thermal variation of the turn angle between Dy mo-
ments in Y/Dy/Y and Er/Dy/Er trilayers. The dotted line represents
the variation in bulk Dy.

FIG. 18. Thermal variation of the turn angle between Dy mo-
ments in Dy/Er superlatticegontinuous linesand in bulk Dy(dot-

ted line.
where ¢ is the reduced magnetizatiow, is the turn angle, . SifN(Aq= ¢)/2]
and w; is the initial turn angle at the ordering temperature frTqag(q):pr( S(AG= 6)/2] )
Tn-
The turn angle of dysprosium in the trilayers is easy to SiN (9% kpy)NpyCpy/2]
determine from the well defined and nonsplitted satellites ( SN (g% kpy)Cpy/2] ) )

located on each side of th@®002 Bragg peak of dyspro-
sium. The values determined for different trilayers are rewhere ¢=xp Np,Cpy+KkegNgCe, and pp, is the magnetic
ported in Fig. 17 as well as the values for bulk dysprosiumscattering amplitude proportional to the dysprosium moment

In the bulk element, the turn angleds=44° atT, and it ~ component perpendicular to the scattering vector. The mag-
decreases down to 26° at the ferromagnetic transition. Suchgtic scattering amplitude of erbium does not appear in this
decrease of the turn angle of dysprosium with the temperaformula, which is used above the temperature where erbium
ture is also observed in all the films, but it drops to 0° at aPrésents in-plane magnetic components. Ehparameter,
different Curie temperature. The turn angle determined in thgoncentration, and turn angle profiles have been supposed to
Y/Dy 600 A/Y trilayer never drops to 0°, because the ferro-P€ éctangle-wave modulated.

magnetic transition is suppressed, as shown previously iB -I;EZ ‘?iftfﬁgt'i\;] %éurenngggiegp tw: teerra'u;nr;&ﬁrsaggtzrm'rgig
Sec. lll (Fig. 2). Besides, the values of the turn angle are y P P P

significantly shifted compared to the bulk element. For dys-mately equal to the maximum of the generalized susceptibil-

. o . L ity of the conduction electrons in bulk erbium. The turn
prosium epitaxial films between yttrium layers, it is alwaysangle between dysprosium moments determined by the fit
larger than the bulk value, whereas it is smaller for dyspro-are given in Fig. 18 for several superlattices.

sium _films_bet_ween erbium Iay_e-rs. From this result it seems  Aq in pulk material and trilayers, the turn angle between
that, in epitaxial layers, the shift of the turn angle from thedysprosium moments in Dy/Er superlattices decreases with
bulk value is related to the sign of the epitaxial strains. ihe temperature. However, the turn angles measured in
Moreover, this shift is observed even at high temperaturepy/Er superlattices are larger than the values measured in
near the Nel temperature, where the magnetoelastic effectgulk dysprosium. This shift is opposite to that observed in
are negligible; it could be therefore explained by a modifi-Er/Dy/Er trilayers. It indicates that the epitaxial strains are
cation of the exchange energy, due to modifications of theot the sole factor in determining the wave vector of dyspro-
Fermi surface of dysprosium by the epitaxial strains. Ac-sium in a superlattice; it leads to the conclusion that the
cording to the above relatiof8), the difference between ex- superperiodicity may also be about to modify the Fermi sur-
change energies is reduced in the Er/Dy/Er trilayers comface of dysprosium, and therefore the exchange energy.
pared to the bulk and at the opposite, it is enhanced iMoreover, the shift ofv to higher values in the superlattices
Y/DylY trilayers. reveals that the exchange energy of the ferromagnetic phase
The determination of the turn angle in the superlattices igs increased compared to the energy of the modulated phase,
more difficult because of the splitting of the satellites due toand could partly explain why the Curie temperature in the
the sampling by the super-periodicity. It requires a fit of theDy/Er superlattices is not enhanced, as in Er/Dy/Er trilayers.
neutron diffraction spectra, involving, because of the coher-
ence through erbium, two parameters: the wave vegipof
the helical phase in dysprosium and the wave vegtorof
the spin-density wave in erbium. The total scattered intensi- In summary, we have presented an experimental study of
ties are calculated from the formul@) presented in Sec. lll, the magnetic behavior of dysprosium in the Dy/Er system.
with This system appears to be quite complex for intrinsic rea-

VII. DISCUSSION AND CONCLUSION
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sons: both elements are magnetic, exhibit different anisotretostrictive effects, as it has been shown for dysprosium
ropy, and develop various magnetic phases strongly relategpitaxial films in considering the total energy of the system,
to magnetostrictive effects. The magnetic phases are the renodified by the epitaxial straing:2’
sult of different contributions to the energy: exchange, an- However, the results obtained in Dy/Er superlattices are
isotropy, and magnetoelasticity. These contributions areot in agreement with this simple rule. Indeed contrarily to
about to be modified by the superperiodicity and by the epwhat happens in the Er/Dy/Er trilayers, the Curie tempera-
itaxy. Concerning the epitaxy, it is necessary to consider oRyres of dysprosium in Dy/Er superlattices, in which dyspro-
one hand, the clamping between the two lattic®  gjym should be similarly strained, are lower than in bulk
clamping and on the other hand, the influence of epitaxialyysprosium. It seems that it should be necessary to consider
strains. _ the magnetic structure of the superlattice as a whole: the
e e i Wheray for an idictual cysprosium lyer may favor e
ferromagnetic phase, whereas the total energy of the whole

ers, a niobium layer, a yttriun{or erbium buffer, and fi- . . )

g . : superlattice may favor the helical arrangement. The helical
nally th rlatticéor tril ver ri r L . S .
ally the superlatticéor trilayen covered by a yttriumo ordering in dysprosium, which is coherent across several bi-

erbium cap layer. To conduct a proper and complete study ) .
it should be necessary, but highly difficult, to consider such Aayers, may indeed be stable because the conduction elec-

sample as a whole. Despite the complexity of the samples, téons form then a coherent spin-density wave in both mate-
number of very interesting conclusions can be drawn. rials.

Magnetic phases in the Dy/Er superlattices Exchange energy

In Dy/Er superlattices, when dysprosium is helimagnetic In trilayers, the turn angle seems to be related to the sign
and erbium is paramagnetic, the helix of dysprosium propaof the epitaxial strains: when the dysprosium lattice is con-
gates coherently through erbium. The effective turn angle irstrained in the basal plariepitaxy on erbiuny the turn angle
erbium layers is close to that found in bulk erbium at thejs smaller than in the bulk element, and therefore the differ-
ordering temperature. It is remarkable that no sign of orderence between the exchange energies of the helical phase and
ing of the erbium moments has been observed at a temperghe ferromagnetic phase is lowered. When the lattice is ex-
ture above bulk erbium Mg temperature. The coherence of panded in the basal platiepitaxy on yttrium, the turn angle
the helical order is lost for erbium thickness larger than 10Qs larger, and therefore this difference is increased. These
A modifications can be due to modifications of the Fermi sur-

At a temperaturd ¢ smaller than the Curie temperature of face induced by epitaxy and are consistent with the observed
bulk element, dysprosium exhibits a ferromagnetic transitiorshift of the Curie temperature. Exchange and magnetoelastic
in the layers. The transition is only partial: the helical phaseenergies act in the same direction in stabilizing the ferromag-
does not completely disappear, even at the lowest temper@etic phase in dysprosium layers whose basal planes are
ture. compressed.

The relative contribution of the ferromagnetic phase com-  |n Dy/Er superlattices, the turn angle between dysprosium
pared to the residual helical order increases with the thickmoments in the helical phase is larger than in bulk dyspro-
ness of the individual dysprosium layers. It does not seem tgjum, which is unexpected from the trilayers behavior. It
depend on the yttrium buffgwhich indeed is about to sta- means that the epitaxial strains are not the only point to be
bilize the helical phageor on the erbium buffer whose effect taken into account and that superperiodicity effects can be at
would be opposite. the origin of an increase of the difference between the ex-

At low temperature, the ferromagnetic dysprosium layerschange energies. It leads to the increase of the turn angle and
are coupled antiferromagnetically to each other, except if théhe stabilization of the modulated phase, which is opposite to

individual erbium Iayer thickness is smaller than 20 A. In what is expected from the magnetostrictive energy.
this case, the long-range magnetic order is ferromagnetic.

The long-range antiferromagnetic order observed for erbium
thickness larger than 20 A and the remaining helix are irre-
versibly destroyed ypa 2 kOe field applied in the plane of In trilayers, thec-lattice parameter of dysprosium varies
the sample. The in-plane magnetic component of erbiunwith temperature in a similar way to bulk dysprosiung,
appears at about 50 K, that is at temperature close to thdecreases progressively in the helical phase with decreasing

Magnetostrictive strains

temperature measured in bulk erbium. temperature and exhibits a discontinuous step at the ferro-
magnetic transitioriwhen it occurs The variation of thec
Ferromagnetic transition in trilayers and superlattices parameter is related to the occurrence of the spontaneous

modes which add to the strong epitaxialstrains already

present in the paramagnetic phase and measured at room
The epitaxial strains are determinant for the Curie temtemperature. On the other hand, the orthorhombitistor-

perature of dysprosium in trilayers. When the dysprosiumtion is observed beloW - but occurs only progressively.

lattice is constrained in the basal plaf@pitaxy on erbium In superlattices, it seems that there is palistortion at

the ferromagnetic phase is stabilized. When it is expandetbw temperature. This absence ¢fdistortion is still to be

(epitaxy on yttriun), the helical phase is stabilized. This explained. The influence of erbiufwhich alone does not

is consistent with previous observations on thedevelop anyy distortion on the thin individual dysprosium

Lu,Y,_,/Dy/Lu,Y,_, trilayers™ and can be related to mag- layers of the superlattice can be invoked. The absencg of

Curie temperature
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strain in the superlattice and its smoothness in the trilayereemperature. However, the coherence of the magnetic com-
indicate that this mode is probably not the main driving forceponents in erbium through dysprosium could be affected, as
to the ferromagnetic transition. it has been observed in Ho/Er superlattfcasd as it will be

In conclusion, as the ferromagnetic transition in dyspropresented in a paper devoted to erbium in Dy/Er superlat-
sium is known to be governed by a balance between exices. The precise magnetic behavior of erbium in the Dy/Er
change energy and magnetostrictive effects, the lowering ofyperiattices is still under investigation. Neutron-scattering
dysprosium Curie temperature in Dy/Er superlattices, uneXexperiments have already been performed along a direction
pected if we only consider the epitaxial strains, could beof the reciprocal lattice where it is possible to evidence the
eXplained by(|) the reduction of the magnetoelastic dl’iving magnetic component a|ong tlee axis. Moreover, resonant
force resulting from the clamping of themode andii) the  x_-ray magnetic-scattering experiments will be conducted in
enhancement of the difference between the exchange engfre near future, in order to separate dysprosium and erbium
gies in the helical and the ferromagnetic phases resultingontributions in choosing the incident x-ray energy at differ-

from a superperiodicity effect. ent absorption edges.
If the magnetic properties of both elements involved in

the superlattice cannot be separated completely, the magnetic

ord_enn_g in erblum does not seem to affect_the magnetic or- ACKNOWLEDGMENTS
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