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We report on the influence of deuterium on the magnetic properties and the interlayer exchange coupling in
superlattices incorporating the magnetic rare earth holmium. By neutron reflectivity and diffraction we inves-
tigate the effect of deuterium on the properties Ho/Ys00.1d superlattices. We find that deuterium up-take
occurs with strong preference in the yttrium layers. Via magnetic neutron scattering we establish that for this
model rare earth system the interlayer coupling can be effectively suppressed through the introduction of
deuterium. The gradual loss of the long-range coherence of the magnetic order mediated by the nonmagnetic
yttrium layers is discussed in terms of partial interlayer correlation. In a second Ho/Ys00.1d superlattice,
composed of ultrathin holmium films, deuterium is an effective agent to vary the total exchange energy of the
system and finite size effects on the ordering temperatureTC are observed.
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I. INTRODUCTION

The effect of magnetic interlayer exchange coupling
(IEC) was discovered in 1986 in Fe/Cr multilayers1 and has
since been studied in much detail and in many systems. More
recently, in 1997, it was found that in ferromagnetic/
paramagnetic superlattices the amplitude and the sign of the
interlayer exchange coupling can be varied in a continuous
way if the nonmagnetic interlayers, which mediate the cou-
pling, dissolve hydrogen. This has been demonstrated for
Fe/NbHx (Ref. 2) as well as for Fe/VHx (Ref. 3), where a
sign reversal of the interlayer coupling constantJ8 can be
achieved for specific hydrogen concentrations. As we will
establish in this paper for the Ho/Ys00.1d system, the more
complex interlayer exchange coupling in rare earth(RE) su-
perlattices can also be tuned with hydrogen. However, since
hydrogen may enter both the magnetic and the nonmagnetic
layers, more caution is appropriate for interpreting the re-
sults.

It is well known that yttrium and the rare earth metal
holmium readily take up hydrogen.4 In these metals, the in-
troduction of hydrogen leads to the formation of three phases
with different crystal structures:(a) the hexagonala phase at
low hydrogen concentrations. In this phase, the hydrogen
behaves like a lattice gas, expanding the host lattice without
changing its symmetry. Below<170 K, the hydrogen orders,
forming the a8 phase while retaining the host metal’s
hexagonal-close-packed crystal structure.(b) The cubic b
phase at the stoichiometric dihydride composition REH2
with a tetrahedral occupancy of the interstitial sites; and(c)
the hexagonalg phase near to the trihydride REH3. A coex-
istence of different phases is observed over rather large con-
centration regions: in yttrium, forx between 0.2 and 1.8, the
a andb phases coexist, and between 2.2 and 1.7, theb and
g phases coexist. Hydrogen in yttrium films has been used
for optical switching between the metallic YH2 and the trans-
parent YH3 phase signaling a metal-semiconductor trans-
ition.5

The long-period antiferromagnet holmium exhibits an in-
commensurate spin helix below the critical temperature,TC

=131.5 K.(In the literature the critical temperature of a mag-
netic system with vanishing spontaneous magnetization such
as holmium is often called the Néel temperature and denoted
by TN). The spin helix consists of ferromagnetically ordered
moments in the hexagonal basal plane and a turn angleaHo

between the magnetization vector from one plane to the next.
The reciprocal lattice vector of the spiraltsTd and the turn
angle are related viaaHo=pt!, wheret! is given in recipro-
cal lattice units of thec axis. The helical magnetic structure
is preserved throughout thea phase but with increasing H
concentration the Néel temperature drops with a rate of
<1 K per atomic percent of hydrogen and the turn-angle
slightly decreases.6 The dihydride phase exhibits a complex
antiferromagnetic structure below about 5 K with a reduced
magnetic moment,7 whereas the trihydride phase shows no
magnetic order.

Because of the high solubility of yttrium for hydrogen,
Ho/Y superlattices offer a model system for investigating
potential switchable interlayer coupling in a rare earth sys-
tem. Also, Ho/Y superlattices have been studied extensively
in the past. It has been found that an interlayer exchange
coupling between adjacent Ho layers is mediated by the non-
magnetic yttrium, leading to a coherent propagation of the
holmium magnetic spiral through the yttrium interlayers.8

Such interlayer coupling across Y has also been reported for
Dy/Y (Ref. 9), Er/Y (Ref. 10), and Gd/Y(Ref. 11). Both a
model based on a scalar Ruderman-Kittel-Kasuya-Yosida
interaction12 and the stabilization of a helical spin density
wave in the Y conduction electrons9 have been proposed as
coupling mechanisms. From an experimental point of view,
Ho/Y superlattices are highly suitable for magnetic neutron
scattering studies because the high atomic moment of Ho of
<10mB and the incommensurate helical magnetic structure
give rise to intense magnetic peaks(t peaks) at low q values,
whereq denotes the momentum transfer normal to the super-
lattice stack. Furthermore, the very good growth properties
achieved in sample preparation via molecular beam epitaxy
(MBE) are well established.
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II. EXPERIMENT

Two superlattices were grown by MBE: afHo27/Y17g
330 superlattice with “thick” holmium films, and a
fHo11/Y23g330 superlattice with “thin” holmium layers.
The subscripts denote the thicknesses of the holmium
films, dHo, and the yttrium films,dY, respectively, expressed
in number of atomic planes(ML ) per bilayer. The samples
were prepared in a standard fashion13 on Al203s112̄0d sub-
strates using a Nb/Y buffer system. The superlattices
were capped with Y/Nb/Pd to ensure symmetric inter-
faces for the Ho blocks. The epitaxial relationships are
110 Al203i110Nbi00.1 Y, Ho. The Pd cap layer serves both
as a protection against oxidation and as catalyst for the hy-
drogen uptake. The rms-roughness, i.e., the interdiffusion re-
gion at the Ho/Y interface, is 2–3 ML.

The neutron experiments were carried out using the
ADAM reflectometer14,15 at the Institut Laue-Langevin,
Grenoble. Scans were taken with an unpolarized beam of a
fixed wavelength,l=4.41 Å. In order to permit anin-situ
loading of the sample, a close-cycle refrigerator(DISPLEX)
was equipped with a sample container, which, in turn, was
connected to an outside loading station by a capillary. For
experimental reasons that will be discussed below the
hydrogen-isotope deuterium was used in the experiment. The
deuterium content in the sample was varied by exposing
the sample to increasing partial pressures of deuterium for
a given time and at room temperature. The deuterium atmo-
sphere was then removed and the sample cooled to 130 K
and below. The different loading states of the samples real-
ized in this work are denoted state I–IV. A temperature range
of 10–400 K was accessible during the experiment. In the
magnetic scattering experiments, specular and off-specular
data were collected simultaneously by using a multiwire
3He position-sensitive detector with an active surface of
1903190 mm2.

III. RESULTS AND DISCUSSION

A. The Ho27/Y17 superlattice

1. Neutron reflectivity

Loading Ho/Y superlattices with deuterium(D) instead
of hydrogen offers the advantage of adding a positive scat-
tering length. From neutron reflectivity data it is then pos-
sible to decide the preferential occupation of deuterium in
one of the sublattices. Due to the considerable cross section
of deuterium for neutrons, the scattering length density pro-
file in the sample strongly depends on the D concentration
within the different layers. In Fig. 1 neutron reflectivity
curves for the pristine superlattice(curve A) and the super-
lattice loaded at three increasing deuterium concentrations
are plotted(curves B–D). Several qualitative but important
features are immediately noticeable from the data: For the
virgin sample, a superlattice peak corresponding to the Ho/Y
bilayer period is clearly observable atq=0.05 Å−1. Also seen
are rather distinct oscillations in the reflectivity curve which
arise from the approximately 400-Å-thick Nb film of the
buffer system which shall not interest us here. With increas-

ing deuterium pressure the superlattice peak first vanishes
(curve B), then reappears at further elevated deuterium con-
tents, as can be seen in curves C and D.(Also, the oscillation
from the Nb layer can no longer be clearly discerned. Rather,
oscillations of a shorter period are seen which are mainly
governed by the Y film of the buffer. This change of contrast
arises from the incorporation of deuterium in the layers of
the buffer and cap systems.)

We shall focus on the evolution of the first superlattice
peak which monitors contrast changes between the layers
that compose the superlattice structure. Table I lists the val-
ues for the scattering length densities for yttrium, holmium,
and the scattering lengthb for deuterium. In a neutron reflec-
tivity experiment, the intensity of the first superlattice peak,
I1, is given by

FIG. 1. Specular reflectivity curves taken with an unpolarized
neutron beam for different deuterium concentrations. Normalized
reflected intensities are plotted vs momentum transfer.

TABLE I. Particle densityn, coherent scattering lengthb and
the resulting scattering length densityr for holmium and yttrium.
(All values are bulk values.) Also given is the scattering length of
deuterium.

n
s10−2 Å−3d

bcoh

s10−5 Åd
r=nbcoh

s10−6 Å−2d

Holmium 3.212 8.01 2.573

Yttrium 3.029 7.75 2.347

Deuterium ¯ 6.67 ¯
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I1 ~ uDru2. s1d

Dr denotes the optical contrast, i.e., the difference in scatter-
ing length density between the two materials composing the
superlattice structure. In the case of the pristine Ho/Y super-
lattice (stateI, x=0):

DrI = rHo − rY = 0.2263 10−6 Å−2 . 0.

In Fig. 2(a) we have given a schematic representation of the
profile of the pristine Ho/Y superlattice in terms of the scat-
tering length density. Upon exposure to a deuterium atmo-
sphere, deuterium enters the superlattice and changes the ef-
fective scattering length density of the host metal. Returning
to the reflectivity data, the loss of contrast observed in curve
B can only arise from a matching of the scattering length
densities in the Ho and Y layers. Therefore, as the scattering
length density of Ho is higher than that of Y(and bD posi-
tive), the deuterium uptake has to occur primarily in the yt-
trium layers. Further we shall make the assumption that the
deuterium uptake occurs(almost) exclusively in the yttrium
and that only a negligible amount of deuterium enters the
magnetic holmium films, as depicted in Fig. 2(b). This as-
sumption is reasonable because of the higher solubility of Y
than Ho for deuterium but will also receive further justifica-
tion later when the magnetic properties of the deuterated
Ho/Y superlattices are discussed. In state II, the superlattice
peak vanishes and the deuterium concentrationx in the yt-

trium layers can then be estimated from solving the condition
for matching scattering length densities

rHo = rII s2d

bHo =
nY

nHo
sbY + xbDd,

where rn denotes the scattering length density of the YDx
layers in staten, and it follows for state II thatx=11 at. %. It
should be noted that using Eq.(2) implies that changes in the
lattice constant, i.e., in the particle densityn are negligible
compared to the deuterium-induced changes of the mean
scattering length,bY +xbD. That this is indeed the case is
seen in Fig. 1 where strong changes in the intensity but not
the position of the first superlattice peak are observed. For a
similar study of the deuterium profile in a metallic superlat-
tice see, e.g., Ref. 16.

The observed value ofx corresponds to thea8 -YDx
phase. When the deuterium content in the sample is in-
creased by exposure to an increased deuterium atmosphere,
intensity in the superlattice peak—and thus contrast between
the Ho and the YDx films—is recovered. The scattering
length density in the YDx becomes larger than that of Ho, as
depicted in Fig. 2(c). For the sample in state III, we can
estimate the deuterium concentration by comparing the in-
tensities of the superlattice peak for the pristine sample,I1

I ,
and the sample in state III,I1

III . From the reflectivity data and
using Eq.(1) we obtain

I1
I

I1
III =

8

7
=

uDru2

uDrIII u2
s3d

and with the previously determined value forDrI =0.226
310−6Å−2:

DrIII < Îs0.226 Å−2d2 3
7
8 = 0.2113 10−6 Å−2. s4d

With the ansatz

rHo + DrIII = rYHx
s5d

the concentration in the yttrium layers of the sample loaded
to state III can be evaluated to

x =

rHo + DrIII

nY
− bY

bD
= 22 at.%. s6d

Analogously, one obtains for state IV, with

I1
I

I1
IV =

8

126
=

uDrIu2

uDrIV u2
, s7d

for the difference in the scattering length density

DrIV < Îs0.226 Å−2d2 3
126
8 = 0.93 10−6 Å−2, s8d

and for the deuterium content in the YDx layers

x =

rHo + DrIV

nY
− bY

bD
= 56 at.%. s9d

FIG. 2. Representation of the superlattice in terms of the scat-
tering length density.(a) For the pristine sample, contrast arises
from the higher scattering length density of holmium(as compared
to yttrium), (b) matching of the scattering density after exposure of
the sample to deuterium,(c) and (d) contrast is recovered as the
scattering length density of the YDx layers becomes larger than that
of holmium. Depicted profiles correspond to the four reflectivity
curves shown in Fig. 1, respectively.
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Returning to the reflectivity curves shown in Fig. 1, it can
be seen that the introduction of deuterium not only changes
the intensity of the superlattice peak but also has a strong
influence on the overall shape of the curve. This arises from
the rather complicated architecture of the sample: as men-
tioned earlier, the superlattice was prepared on a Nb/Y
buffer system and capped with Y/Nb/Pd. All these layers
also take up deuterium so that the scattering length density
profile of the entire sample changes with deuterium loading.
In our analysis, we focus on the profile of the superlattice
stack by investigating the evolution of the first superlattice
peak.

In summary, by means of neutron reflectivity measure-
ments, we determined that after exposing Ho/Ys00.1d super-
lattices to a deuterium atmosphere the deuterium preferen-
tially occupies interstitial sites in the nonmagnetic yttrium
layers. This is important as the focus of this work is varying
the interlayer coupling mediated by the yttrium layers, rather
than the properties of the magnetic holmium films. Also, on
the assumption that deuterium is incorporated exclusively in
the yttrium layers, an estimate for the deuterium concen-
tration x could be given. This assumption will be further
rationalized in the following discussion of the magnetic
properties of deuterated(and pristine) Ho/Ys00.1d superlat-
tices.

2. Magnetic neutron scattering

We now turn to the discussion of the magnetic scattering
data that were obtained from the pristine superlattice(shown
in Fig. 3) and the sample in state IV(shown in Fig. 5).

We recall that in an(elastic) scattering experiment from a
crystal the intensityIsqd observed as a function of momen-
tum transferq is given by

Isqd = uAcrystalu2 = Uo
l

fsldeiRl·qU2
, s10d

where fsld denotes the scattering amplitude andRl the posi-
tion of lth atom, and the sum is over all atoms of the crystal.
In a scattering experiment on thin film systems such as su-
perlattices, the scattering problem becomes one-dimensional
and the scattering amplitudeA in Eq. (10) can be expressed
as a sum over atomic planes. Because a superlattice is a
periodic stack of bilayers with periodlSL, the structure fac-
tor can be written as the product of the structure factor of one
bilayer, where the sum is over all planes in the bilayer, and
the superlattice structure factor, where the sum is over all
(coherently scattering) bilayers in the sample:

FIG. 3. (Color online) The magnetics00td diffraction peaks of the pristine Ho27/Y17 superlattice taken at temperatures between 10 and
115 K. [No intensity was observed in a scan at 120 K. See Fig. 4(a) for spectra taken at 10 and 120 K]. Scattering intensity is plotted as a
function of momentum transfer perpendicular and parallel to the sample normal,qx and qz, respectively.(The slight shift of the intensity
maps inqx arises from a—frequently observed—tilt of the atomic planes, which are seen in these diffraction patterns, with respect to the
physical surface that is seen in a reflectivity experiment. Therefore, an alignment that was perfect for the curves shown in Fig. 1 leads to a
small shift here.)
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s11d

In a neutron scattering experiment on thin single holmium
films17 the helimagnetic structure gives rise to purely mag-
netic peaks. As the magnetic moment in the holmium planes
is rotated by the turn angleaHo from one basal plane to the
next, an incoming neutron with a random orientation of its
spin will interact with a periodically modulated scattering
potential. If we regard a single bilayer of the Ho/Ys00.1d
superlattice, the scattered intensityI is given by

Isqd ~ uABLu2 s12d

~ Uo
n

f n
mageinaHoeiznqU2

, s13d

wheren sums over all atomic planes in one bilayer and the
origin n=0 is placed in the center of the Ho film. The quan-
tities f n

mag and zn denote the magnetic form factor and the
position of thenth plane, respectively. The termeinaHo de-
scribes the cyclic modulation off n

mag. Only for the magnetic
layers does the factorf mag take on a finite value, in the non-
magnetic yttrium filmsf mag is zero.

In the present work, we address the question of how the
interlayer exchange coupling mediated by the yttrium films,
and thus the magnetic interlayer correlation, is affected by
the incorporation of deuterium. To analyze the diffraction
spectra we use an analytical expression

Isqd ~ uABLu2
1 − k2

1 − 2k cossqlSLd + k2 , s14d

as advocated, e.g., in by Giebultowiczet al. in Ref. 18 and
discussed in more detail by Kepaet al. in Ref. 19, in which
the authors examine the interlayer correlation in magnetic
semiconductor superlattices. In this analysis, the magnetic
layers, in our case the holmium films, are not taken to be in
a single-domain state with a completely uniform spin struc-
ture. Rather, we assume that each holmium layer consists of
a large number of magnetic domains. The degree of correla-
tion between the magnetic structures in two adjacent hol-
mium films can be quantified by the fractionP of correlated
domains in two adjacent layers. ForP→1, the systems be-
come perfectly correlated, while forP,1 correlation is only
partial. ForP=0 there is no correlation at all, i.e., no inter-
layer coupling. The parameterk in Eq. (14) is the fractional
correlation coefficient, defined ask=2P−1. It should be
noted that the second term in Eq.(14) is constructed in such
a way that perfect correlation,k→1, represents the limiting
case for which all domains are correlated and also the num-
ber of planes in the sample is infinite. Due to experi-
mental resolution and the finite thickness of the sample,
scattering experiments will always yield values ofk well
below 1.

Using an unpolarized neutron beam, we performed
temperature-dependent measurements of the magnetics00.td

satellite peaks. The pristinesx=0d sample and the sample
with maximum deuterium content were investigated in the
temperature range 10–120 K. In Fig. 3 the diffraction spec-
tra measured between 10 and 115 K are plotted as a function
of momentum transfer perpendicular,qz and parallel,qx, to
the sample surface. For a sample temperature of 120 K, no
magnetic signal was observed, and we determine from the
temperature dependence of the data the temperature at which
the magnetic signal vanishes,TC=118s2d K. Figure 3 shows
that the magnetic structure in the pristine sample gives rise to
sharp satellite peaks. This is unambiguous evidence that the
sample displays(the expected) interlayer coupling and that
there is a long-range coherence of the holmium spin structure
that is mediated by the yttrium interlayers. For a more quan-
titative analysis, we turn to the specular diffraction pattern
obtained for the sample at 10 K as shown by the open sym-
bols in Fig. 4. The solid line represents a fit to the data points
based on the analytical expression Eq.(14) with uABLu2 cal-
culated according to Eq.(13). From the fit we obtain a Ho
turn angle ofaHo=41° and a relative correlation coefficient
of k=0.6 withdHo=27 ML anddY =17 ML. In order to dem-
onstrate the effect of a gradual reduction of the fractional
correlation, in Fig. 4(b), simulated curves are shown in
which k takes on values between 0.6 and 0. Fork=0, the
case of complete decoupling is realized and the diffraction
pattern is given by the structure factor for one bilayer. The

FIG. 4. (a) Specular diffraction pattern at 10 K for the pristine
sample(open symbols) and a fit to the data based on Eq.(14) with
k=0.6 (solid line). The envelop(dashed line) corresponds to the
diffraction pattern expected for a stack of uncorrelated Ho films
sk=0d. (b) Spectra calculated for fractional correlation coefficients
between 0.6 and 0 to visualize the gradual transition from a highly
correlated magnetic structure to a system where interlayer coupling,
i.e., correlation, between adjacent Ho films is suppressed.
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k=0 curve is also plotted as an envelop(dashed line) in Fig.
4(a).

In the following, we shall turn to the magnetic scattering
results obtained from the sample in its final loading stage. In
Fig. 5, intensity maps are shown taken at temperatures
between 10 and 115 K across thes00.td peak(s). From the
data it is evident that upon the introduction of deuterium into
the yttrium interlayers the splitting of thet peak is lost. The
broad peak corresponds to the magnetic signal one would
obtain from a single isolated Ho film, strongly indicating that
the magnetic correlation is lifted by the deuterium uptake in
the mediating Y layer. However, the intensity distribution of
the loaded sample still exhibits weak features reminiscent of
the coupled superlattice, which emerge particularly in the
off-specular regime. This means that while a long range
propagation of the magnetic helix across the superlattice is
suppressed through deuterium uptake, some correlation ap-
pears to persist which, however, does not extend over more
than a few Ho layers at most. Analogous to the analysis of
the magnetic scattering spectrum of the pristine sample, Fig.
6(a) shows the specular scan along theqz axis extracted from
the intensity map for the sample at 10 K. The solid line
represents again a fit to the data points of Eq.(14) with
uABLu2 given by Eq.(13). From the fit we obtain a strongly
reduced value for the relative correlation coefficient,k
=0.05, which confirms the earlier notion that the correlation
has all but vanished and that deuterium is a suitable agent for
varying the interlayer exchange coupling in the rare earth
system Ho/Ys00.1d. From the temperature dependence of

the magnetic signal we find that the deuterated sample dis-
play approximately the same ordering temperature as the
pristine superlattice,TC=118s2d K. At the same time we find
from the fit to the data that the turn angle has slightly de-
creased, fromaHo=41° toaHo=39.2°. From the short discus-
sion of the properties of HoHx films given in the Introduc-
tion, we can conclude that some deuterium has entered the
Ho films to cause a slight decrease of the turn angle whileTC
has remained constant to within 2 K. We can thus estimate a
deuterium concentration in the Ho films,xø2 at. %.

Alternatively, we have simulated the effect of a multido-
main state in our sample in which most Ho domains scatter
in an independent and uncorrelated fashion, while other do-
mains still show some weak short-range correlation. Figure
7(a) shows a simulated intensity map for independently scat-
tering Ho planes. Because there is no correlation mediated
by the yttrium layers, no modulation of the magnetic peak
arising from the superlattice structure and thus only a single
magnetic peak is observed, at a position given by the turn
angleaHo. The width of the peak in theqz direction is given
by the thickness of the holmium films,dHo. In the middle
panel of Fig. 7, we have simulated the scattering pattern that
would be observed from such holmium domains for which
some weak correlation persists.(Only the two strongest
peaks are seen, while the others vanish into the “back-
ground.”) In Fig. 7(c), we show the superposition of the two
cases shown in panels(a) and (b). The total scattered inten-
sity is given by the incoherent superposition of the scattered
intensity from completely decoupled domains and such do-

FIG. 5. (Color online) The magnetics00td diffraction peaks of the Ho27/Y17 superlattice charged at a deuterium pressure of 60 mbar
taken at temperatures between 10 and 115 K.(As for the pristine sample, no intensity was observed in a scan at 120 K.) See also Fig. 6 for
line scans extracted from the intensity maps.
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mains that are still weakly exchange coupled. From the re-
sulting intensity distribution, plotted in Fig. 7(c), we find that
the simulation reproduces well the features discerned in the
experimental data as shown in the first panels10 Kd of Fig.
3. The very good agreement between simulation and experi-
ment is also evident from Fig. 6(b)–6(c), where we showqz
scans obtained from the experimental intensity map(at
10 K) and the simulation for the specular condition and in
the off-specular region(curves A and B).

Summarizing the results from the Ho27/Y17 superlattice,
by performing temperature-dependent neutron scattering ex-
periments, we have established for the model rare earth sys-
tem Ho/Y that deuterium is an effective agent for varying
the interlayer exchange coupling. We find that by loading the
yttrium films into thea-b coexistence region, magnetic in-
terlayer correlation is all but suppressed. A quantitative
analysis reveals a fractional correlation coefficient,k=0.05,
while simulations based on a model of independently scat-
tering domains reproduces well the experimental data both
along the specular line and in the off-specular regime.

B. The Ho11/Y23 superlattice

For the previously investigated Ho27/Y17 superlattice,
it was found that, within experimental resolution, the intro-
duction of deuterium into the yttrium spacer layers does
not effect the critical temperature at which spontaneous

magnetic order vanishes. For both the pristine and the deu-
terated sample we observed a constant critical temperature,
TC=118s2d K. From this we were able to deduce that little
deuterium is dissolved in the holmium films. In the following
we will discuss the magnetic properties of a Ho/Y superlat-
tice with thin holmium films:fHo11/Y23g330. As investi-
gated elsewhere,20 for thin single holmium metal films, there
is a distinct finite-size effect on the magnetic ordering tem-
peratures of such long-period antiferromagnetic structures.
We established that the ordering temperatureTC decreases
according to the expression

TCs`d − TCsdHod
TCsdHod

= C08 · sdHo − d0d−l8, s15d

whereTCs`d is the critical temperature for the bulk system,
l8 a phenomenological scaling parameter, andC0 a constant.

FIG. 6. (a) Specular diffraction pattern at 10 K for the loaded
sample(open symbols) and a fit to the data based on Eq.(14) with
k=0.05 (solid line). (b) Scans along theqz axis in the region of
specular diffraction(curve A) and in the off-specular region(curve
B) and corresponding simulated scans extracted as indicated from
the simulated map shown in Fig. 7(c).

FIG. 7. (Color online) Simulation of the expected intensity dis-
tribution at thes00.td position for(a), independently scattering hol-
mium films and(b) for a superlattice in which some short-range
correlation across the interlayers is maintained. Bottom panel: inco-
herent superposition of the patterns shown in panels(a) and (b),
representing a multidomain state of the sample.
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The finite-size scaling ofTC is shown in Fig. 8 where the
critical temperatures observed for a series of single holmium
films (solid symbols, Ref. 20) and for several Ho/Ys00.1d
superlattices with varying thickness of the yttrium interlayers
(open symbols, this work and Ref. 8) are plotted. The solid
line reproduces the scaling law as given by Eq.(15).

In Fig. 8, it can be seen that for thicker holmium films
sdHo.16 MLd, the critical temperatures observed for both
exchange-coupled Ho/Ys00.1d superlattices and single thin
holmium films are primarily determined bydHo. For dHo
ø16 ML, it can be seen that the values forTC, reported in
the literature and measured in this work, for a series of su-
perlattices seem to show a considerable scatter and are el-
evated compared to theTC value of the single film. This is
due to the fact that, for superlattices with very thin holmium
films, the contribution of the interlayer exchange coupling to
the total exchange energy of the magnetic layers is no longer
small. Consequently, the strength of the IEC mediated by the
yttrium films strongly influences the experimentally ob-
served critical ordering temperature.

In this context, we have investigated afHo11/Y23g330
superlattice in which a weakening of the interlayer exchange
coupling through the introduction of deuterium in the yttrium
films and the concomitant loss of interlayer correlation
should lead to a reduction of the total exchange energy and
thus to a reduction of the critical temperatureTC of the sys-
tem. Figure 9 shows specular diffraction patterns taken for
the pristine sample and with two different deuterium concen-
trations in the yttrium interlayers. The observed spectra re-
semble those obtained from the superlattice withdHo
=27 ML. Due to the reduced thickness of the holmium films
we see an increase in the width of the envelop[plotted as a
dashed line in Fig. 9(a)]. The diffraction pattern(taken at
10 K) shows again the sharp peaks of an exchange coupled
superlattice, and a fit to the data yields a partial correlation
coefficient, k=0.6. Through exposure to hydrogen at two
different pressures, we realized two successive loading states
for the yttrium films, and the corresponding diffraction pat-
terns are shown in the center and bottom panels of the figure.
Loss of magnetic interlayer correlation is again observed,

and, from a fit of Eq.(14) to the data, we obtaink values of
0.15 and 0.09 for the two sample states, respectively. From
temperature-dependent measurements of the magnetic
peak(s), we determined values for the critical temperatureTC
in the three cases. The result is plotted in Fig. 10 where it is
shown that a reduction ofTC from 94s3d K for the pristine

FIG. 8. Finite-size scaling of the critical temperature in hol-
mium single films(solid circles, Ref. 20). Critical temperatures for
exchange-coupled Ho/Y superlattices with yttrium interlayers of
varying thickness(open symbols, this work and Ref. 8). See text for
details.

FIG. 9. Specular diffraction pattern of the thin Ho/Y superlat-
tice with (a) no deuterium in the yttrium layers, and(b) and (c),
increasing deuterium content. All curves taken at 10 K.

FIG. 10. Critical temperatures of a Ho11/Y23 superlattice as a
function of deuterium content in the yttrium interlayers. Inset: Criti-
cal temperatures observed from a series of Ho11/YdY

superlattices
with dY varied between 12 and 71 ML.
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sample to 77s3d K for the final loading stage occurs. Thus
we have demonstrated that deuterium in Ho/Y superlattices
can be used to vary the strength of the interlayer coupling
and thus the total exchange energy of the system in a con-
tinuous fashion. For superlattices incorporating thin holmium
films finite-size effects become important and a change of
the ordering temperature is associated with the introduced
change of the total exchange energy. Another, more “tradi-
tional” way to vary the interlayer exchange coupling is to
vary the thickness of the nonmagnetic spacer layerdY. In the
inset in Fig 10, we have reproduced the results of a system-
atic study of Ho11/YdY

] superlattices wheredY was varied
between 12 and 71 ML. It is apparent that the two presented
mechanisms for varying the strength of the interlayer cou-
pling, i.e., the introduction of deuterium into the yttrium lay-
ers or the increase of the interlayer thicknessdY, lead to a
reduction ofTC towards the value observed for an isolated
single holmium film,TC=74s3d K. The solid lines in the in-
set are guides to the eye.

IV. SUMMARY

We have demonstrated that the exchange coupling in a
Ho27/Y17 superlattice can be varied through deuterium up-
take in the nonmagnetic yttrium layers. Reflectivity measure-

ments confirm that the deuterium resides primarily in the
yttrium spacer layer. In the virgin sample, a long-range co-
herence of the magnetic helix across the Y spacer layer is
found. The measured ordering temperature of 118s2d K and
the turn angle of the magnetic spiral correspond to the value
expected for an isolated single Ho film of 27 ML. At the
highest deuterium content in the yttrium layers investigated
here an almost complete suppression of the Ho exchange
coupling via the Y spacer layers could be observed. Some
weak and short-range correlation remained as quantified in
terms of a partial correlation coefficient. In Ho/Y superlat-
tice with dHo,16 ML finite-size effects become important
and the introduction of deuterium into the nonmagnetic in-
terlayers can be used to vary the total exchange energy of the
system in such a way as to strongly influence the ordering
temperature of the system,TC.
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