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Abstract. The magnetic properties of Gd/Ho superlattices have been investigated using
neutron-diffraction techniques. BetweenT ≈ 297 K andT ≈ 138 K, the magnetic moments
in each Gd block order ferromagnetically in the basal plane with the moments in adjacent Gd
blocks antiferromagnetically aligned. At temperatures belowT ≈ 138 K, the Ho moments order
in a basal-plane helix, while the Gd moments remain ferromagnetically aligned in the basal
plane with an alignment between adjacent Gd blocks that is dependent on temperature and the
Ho-block thickness. The coherence lengths of the magnetic structures in the growth direction
range from 350Å to 800 Å. Comparisons are made with the results from previous studies of
heavy rare-earth superlattices.

1. Introduction

Investigations of the magnetic properties of rare-earth superlattices contribute to our
understanding of the fundamental interactions in rare-earth metals [1]. Superlattice
combinations including the heavy rare-earth elements Gd and Ho have played an important
rôle throughout the development of these investigations [2, 3]. Early experiments
concentrated on combinations of magnetic and nonmagnetic heavy rare earths, with the
results from, for instance, Gd/Y [4] encouraging the development of models for the interlayer
coupling (such as the independent-block model [5]) that were based on conventional
Ruderman–Kasuya–Kittel–Yosida (RKKY) interactions. More recently these studies have
been extended to magnetic/magnetic systems, with superlattices such as Gd/Dy [6] and
Ho/Er [7] being among the first to be examined. It is most notably the results from some
of these double-magnetic combinations that have questioned the need to refine the original
models. For example, it has been suggested that in order to explain the suppression of
the ferromagnetic phase of bulk Dy in Dy/Ho [8], it may be necessary to take account
of the band structure of the whole superlattice, rather than of the constituent individual
blocks. Similarly, the results from a study of Tb/Ho [9] superlattices emphasize the need to
considerin detail the influence of crystal-field and dipolar interactions in addition to RKKY
interactions when considering the possible mechanisms for the interlayer coupling.

Here we present an investigation of Gd/Ho superlattices grown by molecular-beam
epitaxy (MBE). Gd and Ho adopt the hexagonal close-packed (hcp) crystal structure,
with a mismatch in lattice parameters of less than 2% [10]. The magnetic properties of
Gd [11, 12] and Ho [13] have been studied extensively. The magnetic moments in Gd
order ferromagnetically atTC(Gd) ≈ 292 K. Despite Gd ions being inS-states (i.e. having
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zero orbital-angular momentum), there is a small residual magnetic anisotropy that favours
an alignment of the magnetic moments along thec-axis. At lower temperatures, the moments
tilt towards the basal plane, reaching a maximum tilt of 60◦ atT ≈ 180 K, before decreasing
to just below 30◦ atT ≈ 4 K. The magnetic moments of bulk Ho align in a basal-plane helix
belowTN(Ho) ≈ 132 K. The helical wave vector,q, decreases on cooling fromq = 0.275c∗

to q = (1/6)c∗ at T ≈ 18 K, below which temperature the moments tilt out of the basal
plane to form a ferromagnetic cone structure.

2. Experimental techniques

The Gd/Ho superlattices were grown by MBE at the Clarendon Laboratory, Oxford, using
the growth techniques described by Ward and Wells [14]. A cleaned sapphire substrate was
used for each sample, on which was deposited 1500Å of Nb as a chemical buffer, and
1800Å of Y to act as a seed in preparation for the growth of the superlattice layers. With the
substrate temperature held at 400◦C, nGd layers of Gd followed bynHo layers of Ho were
then deposited on the Y seed by evaporating Gd from an electron-beam source and Ho from
a Knudsen effusion cell at a rate of 0.5Å s−1, forming a single bilayer. This bilayer unit was
repeated sixty times, and capped with 250Å of Y to inhibit oxidation of the superlattice. The
epitaxial relationships in the growth direction are{110}Al 2O3 ‖ {110}Nb ‖ {001}Y, Gd/Ho;
and the nominal compositions of the samples investigated are Gd10/Ho30, Gd20/Ho20, and
Gd30/Ho10 (where the subscripts refer to the number of planes of each element in a single
bilayer).

The samples were first examined atT = 300 K using a high-resolution triple-
axis x-ray diffractometer at the Clarendon Laboratory, Oxford. Scans were performed
with the wave-vector transfer along the [00`] and [10̀ ] directions in reciprocal space,
together with transverse scans through the main (002) nuclear Bragg peaks. The
samples were subsequently investigated by neutron-diffraction techniques using the triple-
axis spectrometer, TAS 1, situated on the cold source of the DR3 reactor at the Risø
National Laboratory. Neutrons of energy 5 meV were selected using pyrolytic-graphite
monochromator and analyser crystals, with higher-order contamination reduced by a cooled
beryllium filter. The samples were mounted in a closed-cycle cryostat with the(h0`) plane
in the scattering plane. The reactor-to-sample collimations of 120′–30′–60′–140′ resulted
in a wave-vector resolution in the scattering plane of approximately 0.012Å−1 (full width
at half maximum (FWHM)). At selected temperatures betweenT = 300 and 12± 1 K,
scans were performed with the wave-vector transfer along [00`] (to investigate the ordering
of moments in the basal plane) and along [10`] (to additionally obtain information about
components of ordered moments along thec-axis).

3. Analysis

The FWHM in reciprocal space,1Q, of the nuclear Bragg peaks measured with x-rays
were used to deduce real-space structural coherence lengths,ξ , using the relationship
ξ = 2π/1Q; with the FWHM of peaks along [00̀] yielding the coherence of the stacking
of close-packed planes in the growth direction, and the FWHM of scans along [10`]
indicating the coherence of the hcp stacking sequence. The FWHM of transverse scans
through the main (002) Bragg peaks give the mosaic-spread values of the samples. The
nominal bilayer compositions were refined by fitting independently models of the superlattice
structure described by Bryn-Jacobsenet al [15] to the scattering measured from scans of
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the wave-vector transfer along [00`] at T = 300 K using x-rays and neutrons.
In order to study only the neutronmagneticscattering from the samples, the neutron

structural scattering measured atT = 300 K (a temperature above the highest magnetic-
ordering temperature) was subtracted from the total neutron scattering measured at each
temperature. This approach assumes a negligible change with temperature of the structural
scattering from the superlattice layers, as was confirmed for scattering from Tb/Ho [9] layers
using x-ray scattering techniques. The subtraction for Gd/Ho yields a generally smooth
variation of intensity with wave vector, and the results are always positive indicating that
they are not significantly affected by any changes in the structural scattering from the Gd/Ho
layers, or from the Y seed and cap.

At each temperature measured, a model simulating the scattering from a magnetic
structure was fitted simultaneously to the magnetic-scattering results obtained from scans of
the wave-vector transfer along [00`] and [10̀ ]. The model is based on that developed by
Jehanet al [16] and adapted by Bryn-Jacobsenet al [9] for the analysis of the predominantly
ferromagnetic/helical system, Tb/Ho. Hyperbolic tangent functions are used to include the
variations in the structural and magnetic properties owing to the widths of the interfaces.
Guided by the magnetic ordering of the bulk elements and of Tb/Ho superlattices, the model
chosen simulates the magnetic scattering from a basal-plane ferromagnetic ordering of Gd
moments and a basal-plane helical ordering of Ho moments.
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Figure 1. The temperature dependence of the total turn angle per bilayer,8 (modulo 2π ), for
(a) Gd10/Ho30, (b) Gd20/Ho20, and (c) Gd30/Ho10 determined from the offset of the neutron
structural and magnetic scattering as described in section 3.

To obtain initial values for the turn angle per plane in the Ho layers,φHo, the offset in
the positions of the peaks in the magnetic scattering from the positions of the nuclear Bragg
peaks atT = 300 K was used [9] to calculate the total turn angle per bilayer,8 (modulo
2π ) shown in figure 1. Assuming a ferromagnetic ordering of Gd moments,φHo was then
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Figure 2. The solid points show the magnetic-scattering results for Gd20/Ho20 at T = 180 K
from scans of the wave-vector transfer along (a) [00`], and (b) [10̀ ]. The solid lines are a fit to
the data using a model that calculates the magnetic scattering from a basal-plane ferromagnetic
ordering of Gd moments, and a phase advance over the Ho layers which are not magnetically
ordered.

Table 1. The structural characteristics of the samples deduced from x-ray measurements at
T = 300 K as described in section 3. The [00`] and [10̀ ] coherence lengths indicate long-
range coherence of the stacking of close-packed planes in the growth direction, and of the
hcp stacking sequence, respectively; while the small mosaic-spread values reflect good sample
crystallinity.

Fitted composition [00̀] coherence length [10̀] coherence length Mosaic
Nominal composition (±1 plane) (±150 Å) (±250 Å) (±0.03◦)

Gd10/Ho30 Gd10.5/Ho28.0 3300 1100 0.12
Gd20/Ho20 Gd19.0/Ho18.0 2800 1000 0.14
Gd30/Ho10 Gd31.0/Ho9.5 3600 1200 0.11

calculated from8 (modulo 2π ) by dividing by the fitted values ofnHo (table 1).
Finally, estimates were made for each sample of the magnitude of the ordered Gd and

Ho moments atT = 12 K by comparing the intensity atT = 300 K of the neutron nuclear
scattering at (002), with the intensity atT = 12 K of the neutron magnetic scattering [17].

4. Results

As summarized in table 1, long-range coherence lengths are found for the stacking of
close-packed planes in the growth direction (over 2500Å), and for the hcp stacking
sequence (typically 1000̊A). In addition, the relatively [15] small mosaic-spread values of
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Table 2. The lattice parametersa are those measured atT = 300 K using neutrons.TC(Gd) and
TN(Ho) are the ordering temperatures of the Gd and Ho moments, respectively. The magnitudes
of the ordered Gd and Ho moments,m(Gd) andm(Ho), respectively, are forT = 12 K and
were calculated as described in section 3.

a TC(Gd) TN(Ho) m(Gd) m(Ho)
Nominal composition (±0.002 Å) (±2 K) (±2 K) ±1µB ±1µB

Gd10/Ho30 3.606 296 139 6.9 8.6
Gd20/Ho20 3.613 297 138 7.0 8.8
Gd30/Ho10 3.624 297 138 6.7 8.3

approximately 0.15◦ indicate good sample crystallinity. The results for the fitted bilayer
compositions using x-ray and neutron measurements are the same within error, with a
comparison of the more accurate values obtained using x-ray measurements with the nominal
bilayer compositions given in table 1.

The magnetic-structure model gives good fits to the magnetic-scattering results, with
interface widths of 3± 1 planes. After allowing for the differences in structure factors, the
scale factors required to fit the magnetic-scattering results from scans of the wave-vector
transfer along [00̀] and [10̀ ] differ by less than 5% at all temperatures measured. Given
that the model assumes a basal-plane ordering of Gd and Ho moments, this equality of scale
factors indicates that the Gd and Ho moments are confined to the basal plane.

BetweenT ≈ 297 K andT ≈ 138 K, the fits of the model to the magnetic scattering
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Figure 3. The solid points show the magnetic-scattering results for Gd10/Ho30 at T = 12 K
from scans of the wave-vector transfer along (a) [00`], and (b) [10̀ ]. The solid lines are a fit
to the data of a model that simulates the magnetic scattering from a basal-plane ferromagnetic
ordering of Gd moments, and basal-plane helical ordering of Ho moments.
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Figure 4. The turn angles per plane in the Ho layers,φHo±1◦ (qHo), for the Gd/Ho superlattices
compared to a 5000̊A film of Ho grown on an Y seed [19].

indicate a basal-plane ferromagnetic alignment of Gd moments within Gd blocks, and a
phase advance over the Ho blocks within which the Ho moments are not magnetically
ordered. Estimates of the temperature for each sample of the onset of ordering in the
Gd blocks,TC(Gd), were deduced from the temperature dependences of the total magnetic
scattering aboveT = 138 K, and are listed in table 2. Figure 2 illustrates a fit of the model
to the magnetic scattering from Gd20/Ho20 at T = 180 K.

For T . 138 K, the fits of the model to the magnetic scattering indicate that in addition
to the basal-plane ferromagnetic ordering of Gd moments within Gd blocks, there is a
basal-plane helical ordering of the Ho moments within the Ho blocks. For each sample, the
temperature at which the Ho moments order,TN(Ho), was calculated from the temperature
variation of the fitted magnitude of the ordered Ho moments, with the results shown in
table 2. Figure 3 illustrates a fit of the model for Gd10/Ho30 at T = 12 K. The estimates
for each sample of the magnitude of the ordered Gd and Ho moments at this temperature
are given in table 2, and are comparable with the bulk saturation moments [18] of 7.0µB

and 10.0µB, respectively. The fitted values forφHo (both above and belowTN(Ho)) were
found to agree to within±1.5◦ with the initial values deduced from the total turn angles
per bilayer,8 (figure 1), and figure 4 shows the fitted values forφHo in comparison to the
values for a 5000̊A film of Ho grown on an Y seed [19].

After allowing for instrumental resolution, the widths of the fits of the model to the
magnetic-scattering results from scans ofQ along [00̀ ] were used to deduce the coherence
lengths of the magnetic structures in the growth direction. The coherence lengths range
from three to seven bilayers, as shown in figure 5, and are compared to those obtained from
Tb/Ho [9] superlattices.

5. Discussion

The temperatures listed in table 2 for the onset of the ferromagnetic ordering of the Gd
moments in the Gd/Ho superlattices are higher than the value for bulk Gd ofTC(Gd) ≈
292 K. This enhancement may be related to the basal-plane compression of Gd imposed
by the juxtaposition with Ho which has a smallera lattice parameter. Table 2 lists thea
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Figure 5. The temperature variations of the (resolution-corrected) coherence lengths of the
magnetic structures in the growth direction for (a) X10/Ho30, (b) X20/Ho20, and (c) X30/Ho10,
where for the solid points X= Gd, and for the open points X= Tb.

lattice parameters measured using neutrons atT = 300 K, which are smaller than the value
for bulk Gd of 3.6360 [10]. An enhancement ofTC(Dy) was also reported for Dy/Lu [20]
superlattices, for which thea lattice parameter of Lu is smaller than that of Dy.

The antiferromagnetic coupling aboveTN(Ho) of adjacent Gd blocks within which
moments are ferromagnetically aligned in the basal plane is consistent with the interactions
between the Gd blocks being dominated by magnetic dipolar forces. These forces tend to
cause a break-up of the macroscopic ferromagnetic order into domains. AboveTN(Ho), it
is energetically favourable for the domain walls to lie in the nonmagnetic Ho blocks, and
for the Gd moments to be aligned in the plane of the domain walls which is in the basal
plane. Similar structures have been found for Dy/Lu [20] superlattices aboveTN(Dy) and
Tb/Ho [9] aboveTN(Ho). In contrast, for Gd/Y [4] superlattices withnY . 20, the alignment
between adjacent Gd blocks (within which moments were ferromagnetically aligned) was
reported to oscillate between ferromagnetic and antiferromagnetic asnY was varied. The
differences in the behaviour may arise because for Gd/Y superlattices RKKY interactions
dominate the dipolar interactions, whereas for Gd/Ho, Tb/Ho, and Dy/Lu superlattices it
is the dipolar interactions that dominate. A possible explanation is that the peak in the
conduction-electron susceptibility for Y is larger and sharper than those for Ho or Lu [21],
so the RKKY interactions can be expected to be stronger for superlattices with Y as a
constituent. Gd/Dy [6, 22] superlattices were also reported to exhibit both antiferromagnetic
and ferromagnetic structures aboveTN(Dy), but it is less clear whether there was a simple
correlation with the thickness of the Dy blocks. Further experiments on this system would
be useful to clarify the results.
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Below TN(Ho), the temperature dependences ofφHo for the Gd/Ho superlattices are
very similar to that of a 5000̊A thin film of Ho grown on an Y seed [19] (see figure 4).
Such a similarity between the temperature dependences ofφHo for Ho-based superlattices
and Ho thin films was reported for Ho/Pr [23] and Ho/Sc [15]. It was suggested that for
these superlattices the conduction electrons of importance for the magnetism were largely
confined to individual Ho blocks, in contrast to the situation for, for example, Ho/Y [16],
Dy/Y [24], and Ho/Lu [21] superlattices. Given this interpretation, it would be reasonable to
assume that for Gd/Ho superlattices nearest-neighbour exchange interactions are important
for the propagation of magnetic order.

φHo for the Gd/Ho superlattices varies smoothly with temperature unlike the case
for Tb/Ho superlattices. This difference arises because in contrast to the small residual
anisotropy for Gd, the basal-plane crystal-field anisotropy for Tb is much larger than for
Ho, so for the Tb/Ho superlattices the total turn angle between successive ferromagnetic Tb
blocks is approximatelymπ/3 (wherem is an integer) which restricts the possible values
of φHo [9]. At very low temperaturesφHo ≈ 36◦, or equivalentlyq = (1/5)c∗, for all three
Gd/Ho samples. This value is commensurate with the crystal lattice, and can be associated
with the (221) spin-slip structure [25] (where 1 and 2 refer to the number of moments
aligned along successive easy axes in the basal plane). The formation of spin-slip structures
in Ho has been reported in several studies of MBE-grown rare-earth superlattices [15, 21]
and thin films of Ho [19].

As seen from figure 5, the coherence lengths of the magnetic structure in Gd/Ho
superlattices are comparable to those in Tb/Ho [9] superlattices. The possibly shorter
coherence lengths for the magnetic structures in Tb/Ho superlattices at low temperatures
may be related to the competition between the crystal-field basal-plane anisotropy of Tb
and the indirect-exchange interaction. The lower coherence lengths at temperature above
T ≈ 200 K in Tb30/Ho10 are associated with a mixed helical and ferromagnetic ordering in
the Tb layers.

To conclude, the magnetic properties of Gd/Ho superlattices have been determined by
neutron-diffraction techniques. Good fits to the magnetic-scattering results are obtained
using a model that simulates the magnetic scattering from a ferromagnetic ordering of
Gd moments with a helical ordering of Ho moments, with both the Gd and Ho moments
confined to the basal plane at all temperatures measured. The coherence lengths of the
magnetic structures range from three to seven bilayers. The results are consistent with
those from previous studies of heavy rare-earth superlattices.
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